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PREFACE 


Geometry, which had been for centuries the most perfect example 
of a deductive science, during the creative period of the nineteenth 
century outgrew its old logical forms. The most recent period has 
however brought a clearer understanding of the logical foundations 
of mathematics and thus has made it possible for the exposition of 
geometry to resume the purely deductive form. But the treatment 
in the books which have hitherto appeared makes the work of lay- 
ing the foundations seem so formidable as either to require for itself 
a separate treatise, or to be passed over without attention to more 
than the outlines. This is partly due to the fact that in giving the 
complete foundation for ordinary real or complex geometry, it is 
necessary to make a study of linear order and continuity, — a study 
which is not only extremely delicate, but whose methods are those 
of the theory of functions of a real variable rather than of elemen- 
tary geometry. 

The present work, which is to consist of two volumes and is in- 
tended to be available as a text in courses offered in American uni- 
versities to upper-class and graduate students, seeks to avoid this 
difficulty by deferring the study of order and continuity to the sec- 
ond volume. The more elementary part of the subject rests on a 
very simple set of assumptions which characterize what may be 
called “general projective geometry.” It will be found that the 
theorems selected on this basis of logical simplicity are also elemen- 
tary in the sense of being easily comprehended and often used. 

Even the limited space devoted in this volume to the foundations 
may seem a drawback from the pedagogical point of view of some 
mathematicians. To this we can only reply that, in our opinion, 
an adequate knowledge of geometry cannot be obtained without 
attention to the foundations. We believe, moreover, that the 
abstract treatment is peculiarly desirable in projective geometry, 
because it is through the latter that the other geometric disciplines 


are most readily codrdinated. Since it is more natural to derive 
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the geometrical disciplines associated with the names of Euclid, 
Descartes, Lobatchewsky, etc., from projective geometry than it 
is to derive projective geometry from one of them, it is natural to 
take the foundations of projective geometry as the foundations of 
all geometry. 

The deferring of linear order and continuity to the second vol- 
ume has necessitated the deferring of the discussion of the metric 
geometries characterized by certain subgroups of the general pro- 
jective group. Such elementary applications as the metric proper- 
ties of conics will therefore be found in the second yolume. This 
will be a disadvantage if the present volume is to be used for a 
short course in which it is desired to include metric applications. 
But the arrangement of the material will make it possible, when 
the second volume is ready, to pass directly from Chapter VIII of 
the first volume to the study of order relations (which may them- 
selves be passed over without detailed discussion, if this is thought 
desirable), and thence to the development of Euclidean metric 
geometry. We think that much is to be gained pedagogically as 
well as scientifically by maintaining the sharp distinction between 
the projective and the metric. 

The introduction of analytic methods on a purely synthetic basis 
in Chapter VI brings clearly to light the generality of the set of 
assumptions used in this volume. What we call “ general projective 
geometry ” is, analytically, the geometry associated with a general 
number field. All the theorems of this volume are valid, not alone 
in the ordinary real and the ordinary complex projective spaces, but 
also in the ordinary rational space and in the finite spaces. The 
bearing of this general theory once fully comprehended by the 
student, it is hoped that he will gain a vivid conception of the 
organic unity of mathematics, which recent developments of postu- 
lational methods have so greatly emphasized. 

The form of exposition throughout the book has been condi- 
tioned by the purpose of keeping to the fore such general ideas as 
group, configuration, linear dependence, the correspondence be- 
tween and the logical interchangeability of analytic and synthetic 
methods, ete. Between two methods of treatment we have chosen 
the more conventional in all cases where a new method did not 
seem to have unquestionable advantages. We have tried also to 
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avoid in general the introduction of new terminology. The use 
of the word on in connection with duality was suggested by Pro- 
fessor Frank Morley. 

We have included among the exercises many theorems which in 
a larger treatise would naturally have formed part of the text. 
The more important and difficult of these have been accompanied 
by references to other textbooks and to journals, which it is hoped 
will introduce the student to the literature in a natural way. There 
has been no systematic effort, however, to trace theorems to their 
original sources, so that the book may be justly criticized for not 
always giving due credit to geometers whose results have been 
used. 

Our cordial thanks are due to several of our colleagues and stu- 
dents who have given us help and suggestions. Dr. H. H. Mitchell 
has made all the drawings. The proof sheets have been read in whole 
or in part by Professors Birkhoff, Eisenhart, and Wedderburn, of 
Princeton University, and by Dr. R. L. Borger of the University 
of Illinois. Finally, we desire to express to Ginn and Company our 


sincere appreciation of the courtesies extended to us. 
O. VEBLEN 
J. W. YOUNG 
August, 1910 


In the second impression we have corrected a number of typo- 
graphical and other errors. We have also added (p. 343) two 
pages of “Notes and Corrections” dealing with inaccuracies or 
obscurities which could not be readily dealt with in the text. We 
wish to express our cordial thanks to those readers who have kindly 


called our attention to errors and ambiguities. 
O.V. 


Ao Wore 
August, 1916 


Digitized by the Internet Archive 
in 2022 with funding from 
Kahle/Austin Foundation 


https://archive.org/details/projectivegeomet0001unse_t6c7 


CONTENTS 


INTRODUCTION 

SECTION PAGE 
1. Undefined elements and unproved propositions . . . ee 

2. Consistency, categoricalness, independence. Example of a peo 
science s 4 2 
8. Ideal elements in sepaictry : ; 7 
4. Consistency of the notion of points, Tay oa wane a infinity . 9 
Dy EIOICCUVE ANG Metric SOOMeWY <5 - 2 1 sb = oie oe ws ws e a dg 

CHAPTER I 
THEOREMS OF ALIGNMENT AND THE PRINCIPLE OF DUALITY 

Pee UO AAMT LOLS OL AMONINGIUE 4, 9.7: 2 4. 0. 6. 6) 9. 3,2 5). 9) oy wlines pau LD 
7, The plane . . -» FL ber Ae eho gee, ty some Smeets oie ae ol ooh OL a 
8. The first aaaaiplion of eh PO ery hr Mea Pt eh oy ore AEs 
9. The three-space. ... Fens 20 
10. The remaining ae auptigns of pe parse Ps a space et pies auneraone . 24 
11. The principle of duality ... es Sarees Beg a A8) 


12. The theorems of alignment for a seca of nN dimensions ree ies earn #3) 


CHAPTER II 


PROJECTION, SECTION, PERSPECTIVITY. ELEMENTARY CONFIGURATIONS 


127 Projection, section, perspectivity.. . 2. 2 6 6 5 6 « 6 2 5 oe ws 0 OF 
TEARS COMIPICLE: I-POINt, CUC se) ne 6 6 2h 8 te 6. OMe 4 ale! ee. oo) OO 
15. Configurations .. . Fees tata er ane Rom Moment b Ribera ea O 
16. The Desargues Romtcutstion.. rue pe Meter? Peter rove ro FIDL 
17. Perspective tetrahedra... . PEP) Wg th PET are Perey Rn Pee 2.5) 
18. The guadrangle-quadrilateral Somacaeaone Fades tie UpeNeees 1stio teen ees CAS 
19. The fundamental theorem on quadrangular sets. . . . ree fier hme Tb 


20, Additional remarks concerning the Desargues eoalanraiien Aa eal oo <-/OL 


CHAPTER III 


PROJECTIVITIES OF THE PRIMITIVE GEOMETRIC FORMS OF ONE, TWO, 
AND THREE DIMENSIONS 


Oi, he Nine Priauisive CeOMICiric TOYMSic! 7) Gis ef 2) ones el eee 6 oe OD 

22. Perspectivity and projectivity .... Po Moe rire te, Ok Le 

28. The projectivity of one-dimensional primis deen Ase Seite ie y's: OO 
vii 


vill CONTENTS 


SECTION 


24, 


25. 
26. 
27. 
28. 
29. 


30. 
31. 


32. 


33. 
34. 
35. 
36, 


37. 
38. 
39. 
40. 


41. 
42, 
43, 


44. 
45, 


46. 
47. 


48. 


49. 
50. 
51. 
52. 
53. 
54, 


55. 


General theory of correspondence. Symbolic treatment 


The notion of a group . 


Groups of correspondences. Inyariant elements and figures 


Group properties of projectivities 


Projective transformations of two- aihebalenak forms 
Projective collineations of three-dimensional forms 


CHAPTER IV 


HARMONIC CONSTRUCTIONS AND THE FUNDAMENTAL THEOREM OF 
PROJECTIVE GEOMETRY 


The projectivity of quadrangular sets 
Harmonic sets . 

Nets of rationality on a Tine 

Nets of rationality in the plane . 

Nets of rationality in space . : 
The fundamental theorem of P rotectiviey : 


The configuration of Pappus. eee inscribed and divwamsaribed ek 


EyavES Con ad < ae 


Construction of projectiyiticn on pee ene fre 


Involutions 
Axis and center‘ of hemolenye 
Types of collineations in the plane - 


CHAPTER V 
CONIC SECTIONS 


Definitions. Pascal’s and Brianchon’s theorems 
Tangents. Points of contact : 
The tangents to a point conic form a tina conie. 
The polar system of a conic 

Degenerate conics % ec 

Desargues’s theorem on conics Sele ne 
Pencils and ranges of conics. Order of contact 


CHAPTER VI 


ALGEBRA OF POINTS AND ONE-DIMENSIONAL COORDINATE SYSTEMS 


Addition of points 

Multiplication of points . 

The commutative law for fouliteHention 
The inverse operations 


The abstract concept of a Panter eyaah Isomorphism . 


Nonhomogeneous coérdinates 


The analytic expression for a projostir ey ina aicneddinbosanal i folaive 


form . 


Von Staudt’s algebra of bya {5 aa 


PAGE 


64 
66 
67 
68 
71 
76 


100 
102 
103 
106 


109 
112 
116 
120 
126 
127 
128 


141 
144 
148 
148 
149 
150 


152 
157 


CONTENTS 


SECTION 


56. 
57. 
58. 


59. 


60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
ile 
72. 


73. 
74, 
75. 
76. 
Us 
78. 
79. 
80.” 
81. 
82. 


83. 
84, 


85. 
86. 
87. 
88. 
89. 


PuhGcross ratlol ene A ei KO uk 
Coodrdinates in a net of Paonalien ona jime eich Ole eters te 
Homogeneous coérdinates on a line 

Projective correspondence between the Doles of eee different lines 


CHAPTER VII 
COORDINATE SYSTEMS IN TWO- AND THREE-DIMENSIONAL FORMS 


Nonhomogeneous codrdinates in a plane 
Simultaneous point and line codrdinates 
Condition that a point be on a line 
Homogeneous coérdinates in the plane . : 
The line on two points. The point on two lines 
Pencils of points and lines. Projectivity 

The equation of a conic . : 

Linear transformations in a plane . 
Collineations between two different planes 
Nonhomogeneous coérdinates in space 
Homogeneous codrdinates in space. 

Linear transformations in space . 

INAS SEENON 5 0 6 6 DG 


CHAPTER VIII 
PROJECTIVITIES IN ONE-DIMENSIONAL FORMS 


Characteristic throw and cross ratio! Gs) em) usa s 
IPLiCoyRXE Ae ORONO GE co oto og oD a od oso, O Mh Oc ae Hc 
Groups of projectivities on a line 

Projective transformations between conics 

Projectivities on a conic . 

Involutions . ; Shp One 

Involutions eaiocintad with : a given ee eonntty RY COT ees KEY On oc 
Harmonic transformations . 

Scale on a conic ane 

Parametric peoreaanratlon ans a conic. 


CHAPTER IX 
GEOMETRIC CONSTRUCTIONS. INVARIANTS 


The degree of a geometric problem hate 

The intersection of a given line with a given conic 

Improper elements. Proposition Ko 

Problems of the second degree ; 

Invariants of linear and quadratic binary for ms 

Proposition K, . Ace x 

Taylor’s theorem, Polar (ons oh ty 2 Sye.0) io, Sek eran ae 


169 
171 
172 
174 
180 
181 
185 
187 
190 
190 
194 
199 
201 


205 
208 
209 
212 
217 
221 
225 
230 
231 
234 


236 
240 
241 
245 
251 
254 
255 


x 


CONTENTS 


SECTION 


90. 
91. 
92. 


93. 
04. 
95. 
96. 
97. 
98. 
99. 
100. 
101. 
102. 


103. 
104. 
105. 
106. 
107. 
108. 
109. 
110. 
Hill 


INDEX 


Invariants and covariants of binary forms ; 
Ternary and quaternary forms and their invariants 
Proof of Proposition K, . 


CHAPTER X 


PROJECTIVE TRANSFORMATIONS OF TWO-DIMENSIONAL FORMS 


Correlations between two-dimensional forms 


Analytic representation of a correlation between two panes ; 


General projective group. Representation by matrices 
Double points and double lines of a collineation in a plane 
Double pairs of a correlation 

Fundamental conic of a polarity in a mine 

Poles and polars with respect to a conic. Tangents 
Various definitions of conics . 

Pairs of conics 

Problems of the third atl fourth deorees 


CHAPTER XI 
FAMILIES OF LINES 


The regulus : 

The polar system of a nemutHe 
Projective conics 

Linear dependence of ies 
The linear congruence 

The linear complex F 
The Pliicker line codrdinates 
Linear families of lines . 


Interpretation of line Soret as nein sobrdinatee § in ee : 


PAGE 
257 
258 
260 


262 
266 
268 
271 
278 
282 
284 
285 
287 
294 


298 
300 
304 
311 
312 
319 
827 
329 
331 


335 


PROJECTIVE GEOMETRY 


INTRODUCTION 


1. Undefined elements and unproved propositions. Geometry deals 
with the properties of figures in space. Every such figure is made up 
of various elements (points, lines, curves, planes, surfaces, etc.), and 
these elements bear certain relations to each other (a point lies on a 
line, a line passes through a point, two planes intersect, etc.). The 
propositions stating these properties are logically interdependent, and 
it is the object of geometry to discover such propositions and to 
exhibit their logical interdependence. 

Some of the elements and relations, by virtue of their greater 
simplicity, are chosen as fundamental, and all other elements and 
relations are defined in terms of them. Since any defined element or 
relation must be defined in terms of other elements and relations, 
it is necessary that one or more of the elements and one or more of 
the relations between them remain entirely wndefined ; otherwise a 
vicious circle is unavoidable. Likewise certain of the propositions 
are regarded as fundamental, in the sense that all other propositions 
are derivable, as logical consequences, from these fundamental ones. 
But here again it is a logical necessity that one or more of the prop- 
ositions remain entirely unproved ; otherwise a vicious circle is again 
inevitable. 

The starting point of any strictly logical treatment of geometry 
(and indeed of any branch of mathematics) must then be a set of wn- 
defined elements and relations, and a set of unproved propositions 
involving them ; and from these all other propositions (theorems) are 
to be derived by the methods of formal logic. Moreover, since we 
assumed the point of view of formal (i.e. symbolic) logic, the unde- 
fined elements are to be regarded as mere symbols devoid of content, 
except as implied by the fundamental propositions. Since it is mani- 


festly absurd to speak of a proposition involving these symbols as 
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self-evident, the unproved propositions referred to above must be re- 
garded as mere assumptions. It is customary to refer to these funda- 
mental propositions as axioms or postulates, but we prefer to retain the 
term assumption as more expressive of their real logical character. 

We understand the term a mathematical science to mean any set 
of propositions arranged according to a sequence of logical deduction. 
From the point of view developed above such a science is purely 
abstract. If any concrete system of things may be regarded as sat- 
isfying the fundamental assumptions, this system is a concrete wp- 
plication or representation of the abstract science. The practical 
importance or triviality of such a science depends simply on the 
importance or triviality of its possible applications. These ideas will 
be illustrated and further discussed in the next section, where it will 
appear that an abstract treatment has many advantages quite apart 
from that of logical rigor. 

2. Consistency, categoricalness, independence. Example of a math- 
ematical science. The notion of a class* of objects is fundamental 
in logic and therefore in any mathematical science. The objects 
which make up the class are called the elements of the class. The 
notion of a class, moreover, and the relation of belonging to a class 
(being included in a class, being an element of a class, etc.) are primi- 
tive notions of logic, the meaning of which is not here called in 
question. 

The developments of the preceding section may now be illustrated 
and other important conceptions introduced by considering a simple 
example of a mathematical science. To this end let S be a class, the 
elements of which we will denote by 4, B, C, . . . Further, let there 
be certain undefined subclasses $ of S, any one of which we will call 
an m-class. Concerning the elements of S and the m-classes we now 
make the following 

ASSUMPTIONS : 


I. If A and B are distinct elements of S, there is at least one 
m-class containing both A and B. 


* Synonyms for class are set, aggregate, assemblage, totality ; in German, Menge - 
in French, ensemble. 

} Cf. B. Russell, The Principles of Mathematics, Cambridge, 1903; and L. Cou- 
turat, Les principes des mathématiques, Paris, 1905. 


{ A class S’ is said to be a subclass of another class S, if every element of S/ is 
an element of S, 
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Il. If A and B are distinct elements of S, there is not more than 
one m-class containing both A and B. 
Ill. Any two m-classes have at least one element of S in common. 
IV. There exists at least one m-class. 
V. Every m-class contains at least three elements of S. 
VI. All the elements of S do not belong to the same m-class. 
VIL. No m-class contains more than three elements of S. 


The reader will observe that in this set of assumptions we have 
just two undefined terms, viz., element of S and m-class, and one 
undefined relation, belonging to a class. The undefined terms, more- 
over, are entirely devoid of content except such as is implied in the 
assumptions. 

Now the first question to ask regarding a set of assumptions is: 
Are they logically consistent? In the example above, of a set of 
assumptions, the reader will find that the assumptions are all true 
statements, if the class S is interpreted to mean the digits 0, 1, 2, 3, 
4,5, 6 and the m-classes to mean the columns in the following table: 


Qerteg 3 405° 6 
(1) lee ede 0 
3.4 5 6 0 2 


for) 


This interpretation is a concrete representation of our assumptions. 
Every proposition derived from the assumptions must be true of this 
system of triples. Hence none of the assumptions can be logically 
inconsistent with the rest; otherwise contradictory statements would 
be true of this system of triples. 

Thus, in general, a set of assumptions is said to be consistent if a 
single concrete representation of the assumptions can be given.* 

Knowing our assumptions to be consistent, we may proceed to de- 
rive some of the theorems of the mathematical science of which they 
are the basis: 

Any two distinct elements of S determine one and only one m-class 
containing both these elements (Assumptions I, II). 

* It will be noted that this test for the consistency of a set of assumptions 
merely shifts the difficulty from one domain to another. It is, however, at present 
the only test known. On the question as to the possibility of an absolute test of 
consistency, cf. Hilbert, Grundlagen der Geometrie, 2d ed., Leipzig (1903), p.18, and 


Verhandlungen d. III. intern, math. Kongresses zu Heidelberg, Leipzig (1904), 
p. 174; Padoa, L’Enseignement mathématique, Vol. V (1903), p. 85. 
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The m-class containing the elements A and B may conveniently 
be denoted by the symbol 4B. 

Any two m-classes have one and only one element of S in common 
(Assumptions IT, ITT). 

There exist three elements of S which are not all in the same 
m-class (Assumptions IV, V, VI). 

In accordance with the last theorem, let A, B, C be three elements 
of S not in the same m-class. By Assumption V there must be a 
third element in each of the m-classes AB, BC, CA, and by Assump- 
tion II these elements must be distinct from each other and from 
A, B,and C. Let the new elements be D, #, G, so that each of 
the triples ABD, BCE, CAG belongs to the same m-class. By 
Assumption III the m-classes AH and BG, which are distinct from 
all the m-classes thus far obtained, have an element of S in common, 
which, by Assumption II, is distinct from those hitherto mentioned ; 
let it be denoted by F, so that each of the triples AHF and BFG 
belong to the same m-class. No use has as yet been made of As- 
sumption VII. We have, then, the theorem: 

Any class S subject to Assumptions I-VI contains at least seven 
elements. 

Now, making use of Assumption VII, we find that the m-classes 
thus far obtained contain only the elements mentioned. The m-classes 
CD and AEF have an element in common (by Assumption IIT) 
which cannot be 4 or #, and must therefore (by Assumption VII) 
be F#. Similarly, ACG and the m-class DE have the element G in 
common. The seven elements A, B, C, D, E, F, G have now been 
arranged into m-classes according to the table 


A B.0SDe 2 ae 
(1) BG De 4 ae 
D eB kee ee 


in which the columns denote m-classes. The reader may note at once 
that this table is, except for the substitution of letters for digits, 
entirely equivalent to Table (1); indeed (1') is obtained from (1) by 
replacing 0 by 4, 1 by B, 2 by C, etc. We can show, furthermore, 
that S can contain no other elements than .4, B, C, D, E, F, G. For 
suppose there were another element, 7. Then, by Assumption III, 
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the m-classes 7A and BFG would have an element in common. This 
element cannot be B, for then ABZD would belong to the same 
m-class ; it cannot be #, for then AFT would all belong to the same 
m-class ; and it cannot be G, for then AGZC would all belong to the 
same m-class. These three possibilities all contradict Assumption VII. 
Hence the existence of 7 would imply the existence of four elements 
in the m-class BFG, which is likewise contrary to Assumption VII. 

The properties of the class S and its m-classes may also be repre- 
sented vividly by the accompanying figure (fig. 1). Here we have 
represented the elements of S by 
points (or spots) in a plane, and 
have joined by a line every triple 
of these points which form an m- 
class. It is seen that the points 
may be so chosen that all but one 
of these lines is a straight line. 
This suggests at once a similarity 
to ordinary plane geometry. Sup- 
pose we interpret the elements of 
S to be the points of a plane, and interpret the m-classes to be the 
straight lines of the plane, and let us reread our assumptions with this 
interpretation. Assumption VII is false, but all the others are true 
with the exception of Assumption III, which is also true except when 
the lines are parallel. How this exception can be removed we will 
discuss in the next section, so that we may also regard the ordinary 
plane geometry as a representation of Assumptions I-VI. 

Returning to our miniature mathematical science of triples, we are 
now in a position to answer another important question: Zo what ex- 
tent do Assumptions I-VIT characterize the class S and the m-classes ? 
We have just seen that any class S satisfying these assumptions may 
be represented by Table (1’) merely by properly labeling the ele- 
ments of S. In other words, if S, and S, are two classes S subject 
to these assumptions, every element of S, may be made to correspond * 
to a unique element of S,, in such a way that every element of S, 
is the correspondent of a unique element of S,, and that to every 
m-class of S, there corresponds an m-class of S,. The two classes are 





* The notion of correspondence is another primitive notion which we take over 
without discussion from the general logic of classes. 
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then said to be in one-to-one reciprocal correspondence, or to be simply 
isomorphic.* Two classes S are then abstractly equivalent ; Le. there 
exists essentially only one class S satisfying Assumptions I-VIL 
This leads to the following fundamental notion : 

A set of assumptions is said to be categorical, if there is essentially 
only one system for which the assumptions are valid ; ve. uf any two 
such systems may be made simply isomorphic. 

We have just seen that the set of Assumptions I—-VII is categor- 
ical. If, however, Assumption VII be omitted, the remaining set of 
six assumptions is not categorical. We have already observed the 
possibility of satisfying Assumptions I-VI by ordinary plane geom- 
try. Since Assumption III, however, occupies as yet a doubtful posi- 
tion in this interpretation, we give another, which, by virtue of its 
simplicity, is peculiarly adapted to make clear the distinction between 
categorical and noncategorical. The reader will find, namely, that 
each of the first six assumptions is satisfied by interpreting the class S 
to consist of the digits 0,1, 2,---, 12, arranged according to the fol- 
lowing table of m-classes, every column constituting one m-class: 


QO. 1. BB ee 
2) 1 * 2.) 8-45 5060) fee ee ee eee 
B= A By GF Bo 0 ee ed ae 
Oe) 10 wht) 12) .0 Swe Re eke tees cet eee coe 


Hence Assumptions I-VI are not sufficient to characterize completely 
the class S, for it is evident that Systems (1) and (2) cannot be made 
isomorphic. On the other hand, it should be noted that all theorems 
derivable from Assumptions I-VI are valid for both (1) and (2). 
These two systems are two essentially different concrete representa- 
tions of the same mathematical science. 

This brings us to a third question regarding our assumptions: Are 
they independent ? That is, can any one of them be derived as a log- 
ical consequence of the others? Table (2) is an example which shows 
that Assumption VII is independent of the others, because it shows 
that they can all be true of a system in which Assumption VII is 
false. Again, if the class S is taken to mean the three letters 4, B, C, 

* The isomorphism of Systems (1) and (1’) is clearly exhibited in fig. 1, where 


each point is labeled both with a digit and with a letter. 7s isomorphism may, 
moreover, be established in 7.6.4 different ways. 
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and the m-classes to consist of the pairs AB, BC, CA, then it is 
clear that Assumptions I, IJ, III, IV, VI, VII are true of this class 
S, and therefore that any logical consequence of them is true with 
this interpretation. Assumption V, however, is false for this class, 
and cannot, therefore, be a logical consequence of the other assump- 
tions. In lke manner, other examples can be constructed to show 
that each of the Assumptions I-VIT is independent of the remain- 
ing ones. 

3. Ideal elements in geometry. The miniature mathematical science 
which we have just been studying suggests what we must do on a 
larger scale in a geometry which describes our ordinary space. We 
must first choose a set of undefined elements and a set of funda- 
mental assumptions. This choice is in no way prescribed a priori, 
but, on the contrary, is very arbitrary. It is necessary only that the 
undefined symbols be such that all other elements and relations that 
occur are definable in terms of them; and the fundamental assump- 
tions must satisfy the prime requirement of logical consistency, and 
be such that all other propositions are derivable from them by formal 
logic. It is desirable, further, that the assumptions be independent * 
and that certain sets of assumptions be categorical. There is, further, 
the adxderatum of utmost symmetry and generality in the whole 
body of theorems. The latter means that the applicability of a theo- 
rem shall be as wide as possible. This has relation to the arrange- 
ment of the assumptions, and can be attained by using in the proof 
of each theorem a minimum of assumptions.f 

Symmetry can frequently be obtained by a judicious choice of 
terminology. This is well illustrated by the concept of “points at 
infinity” which is fundamental in any treatment of projective geome- 
try. Let us note first the reciprocal character of the relation expressed 
by the two statements: 

A point lies on a line. A line passes through a point. 
To exhibit clearly this reciprocal character, we agree to use the phrases 

A point is on a line; A line is on a point 

* This is obviously necessary for the precise distinction between an assumption 
and a theorem. 

+ If the set of assumptions used in the proof of a theorem is not categorical, the 


applicability of the theorem is evidently wider than in the contrary case. Cf. exam- 
ple of preceding section. 
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to express this relation. Let us now consider the following two 
propositions : 

1. Any two distinct points of 1’. Any two distinet lines of a 
a plane are on one and only one plane are on one and only one 
line.* point. 


Either of these propositions is obtained from the other by simply 
interchanging the words point and line. The first of these propositions 
we recognize as true without exception in the ordinary Euclidean 
geometry. The second, however, has an exception when the two 
lines are parallel. In view of the symmetry of these two propositions 
it would clearly add much to the symmetry and generality of all 
propositions derivable from these two, if we could regard them both 
as true without exception. This can be accomplished by attributing 
to two parallel lines a point of intersection. Such a point is not, 
of course, a point in the ordinary sense; it is to be regarded as an 
ideal point, which we suppose two parallel lines to have in common. 
Its introduction amounts merely to a change in the ordinary termi- 
nology. Such an ideal point we call a point at infinity; and we 
suppose one such point to exist on every line.f 

The use of this new term leads to a change in the statement, 
though not in the meaning, of many familiar propositions, and makes 
us modify the way in which we think of points, lines, ete. Two non- 
parallel lines cannot have in common a point at infinity without 
doing violence to propositions 1 and 1’; and since each of them has a 
point at infinity, there must be at least two such points. Proposition 
1, then, requires that we attach a meaning to the notion of a line on 
two points at infinity. Such a line we call a line at injinity, and 
think of it as consisting of all the points at infinity in a plane. 
In like manner, if we do not confine ourselves to the points of a 
single plane, it is found desirable to introduce the notion of a plane 
through three points at infinity which are not all on the same line 
at infinity. Such a plane we call a plane at infinity, and we think 


* By line throughout we mean straight line. 

+ It should be noted that (since we are taking the point of view of Euclid) we do 
not think of a line as containing more than one point at infinity ; for the supposi- 
tion that a line contains two such points would imply either that two parallels can 
be drawn through a given point to a given line, or that two distinct lines can have 
more than one point in common. 
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of it as consisting of all the points at infinity in space. Every ordi- 
nary plane is supposed to contain just one line at infinity ; every sys- 
tem of parallel planes in space is supposed to have a line at infinity 
in common with the plane at infinity, ete. 

The fact that we have difficulty in presenting to our imagination 
the notions of a point at infinity on a line, the line at infinity in a 
plane, and the plane at infinity in space, need not disturb us in this 
connection, provided we can satisfy ourselves that the new terminol- 
ogy is self-consistent and cannot lead to contradictions. The latter 
condition amounts, in the treatment that follows, simply to the con- 
dition that the assumptions on which we build the subsequent theory 
be consistent. That they are consistent will be shown at the time 
they are introduced. The use of the new terminology may, however, 
be justified on the basis of ordinary analytic geometry. This we 
do in the next section, the developments of which will, moreover, 
be used frequently in the sequel for proving the consistency of the 
assumptions there made. 

4. Consistency of the notion of points, lines, and plane at infinity. 
We will now reduce the question of the consistency of our new ter- 
minology to that of the consistency of an algebraic system. For this 
purpose we presuppose a knowledge of the elements of analytic geom- 
etry of three dimensions.* In this geometry a point is equivalent 
to a set of three numbers (w, y, z). The totality of all such sets of 
numbers constitute the analytic space of three dimensions. If the 
numbers are all real numbers, we are dealing with the ordinary “real” 
space ; if they are any complex numbers, we are dealing with the ordi- 
nary “complex” space of three dimensions. The following discussion 
applies primarily to the real case. 

A plane is the set of all points (number triads) which satisfy a 
single linear equation 


axz+by+ce+d=0. 
A line is the set of all points which satisfy two linear equations, 


a,e+ by +ez+d,= 0, 
ac+ by + ¢2+ d,= 0, 
* Such knowledge is not presupposed elsewhere in this book, except in the case 


of consistency proofs. The elements of analytic. geometry are indeed developed 
from the beginning (cf. Chaps. VI, VII). 
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provided the relations 


do not hold.* 

Now the points (a, y, 2), with the exception of (0, 0, 0), may also be 
denoted by the direction cosines of the line joining the point to the 
origin of codrdinates and the distance of the point from the origin ; 


say by Ka 8 1 
2 (2 mM, i, i)’ 
¢ 


where d = V2?+ 77+ 2, and 1= = m= if n= a The origin itself 


may be denoted by (0, 0, 0, &), where & is arbitrary. Moreover, any 
four numbers (#,, 2, #5, #,) (v,# 0), proportional respectively to 


(: Mm, nN, a) will serve equally well to represent the point (2, y, 2), 


provided we agree that (x,, x,, 7, £,) and (cx,, ex,, ex,, cxz,) represent 
the same point for all values of ¢ different from 0. For a point 


(x, y, 2) determines 











(1) nao, yao 


provided w, # 0. 
We have not assigned a meaning to (2,, @,, @, @,) when x, = 0, but 


it is evident that if the point (« em, en, : moves away from the 
( 


origin an unlimited distance on the line whose direction cosines are 
l,m, n, its coordinates approach (cl, em, en, 0). A little consideration 
will show that as a point moves on any other line with direction 


* It should be noted that we are not yet, in this section, supposing anything 
known regarding points, lines, etc., at infinity, but are placing ourselves on the 
basis of elementary geometry. 
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cosines J, m, m, so that its distance from the origin increases indefi- 
nitely, its codrdinates also approach (cl, cm, en, 0). Furthermore, these 
values are approached, no matter in which of the two opposite direc- 
tions the point moves away from the origin. We now dejine (a,, z,, 
%, 0) as a point at infinity or an ideal point. We have thus associ- 
ated with every set of four numbers (x,, #,, ,, 7.) a point, ordinary 
or ideal, with the exception of the set (0, 0, 0, 0), which we exclude 
entirely from the discussion. The ordinary points are those for which 
x, is not zero; their ordinary Cartesian codrdinates are given by the 
equations (1). The ideal points are those for which z,=0. The num- 
bers (x,, #,, ,, £,) we call the homogeneous coordinates of the point. 

We now define a plane to be the set of all points (x,, x,, ,, #,) 
which satisfy a linear homogeneous equation : 


ax, + bx,+ cx,+ dx,= 0. 


It is at once clear from the preceding discussion that as far as all 
ordinary points are concerned, this definition is equivalent to the one 
given at the beginning of this section. However, according to this 
definition all the ideal points constitute a plane z,=0. This plane 
we call the plane at infinity. In like manner, we define a line to 
consist of all points (x,, x,, 2, z,) Which satisfy two distinct linear 
homogeneous equations: 

a,2,+ b,0,+ ¢,2,+ d,7,= 0, 
AX, + 0,0, + ¢,0, + a,c, = 90, 


Since these expressions are to be distinct, the corresponding coefficients 
throughout must not be proportional. According to this definition 
the points common. to any plane (not the plane at infinity) and the 
plane z,= 0 constitute a line. Such a line we call a line at infinity, 
and there is one such in every ordinary plane. Finally, the line de- 
fined above by two equations contains one and only one point with 
coérdinates (v,, #,,7,, 9); that is, an ordinary line contains one and only 
one point at infinity. It is readily seen, moreover, that with the above 
definitions two parallel lines have their points at infinity in common. 

Our discussion has now led us to an analytic definition of what 
may be called, for the present, an analytic projective space of three 
dimensions. It may be defined, in a way which allows it to be either 


real or complex, as consisting of : 
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Points: All sets of four numbers (2,, 7, 2, %,), except the set 
(0, 0, 0, 0), where (ca, cay, ca, cx,) is regarded as identical with 
(4, ©, @, @,), provided ¢ is not zero. 

Planes: All sets of points satisfying one linear homogeneous 
equation. 

Lines: All sets of points satisfying two distinct linear homoge- 
neous equations. 

Such a projective space cannot involve contradictions unless our 
ordinary system of real or complex algebra is inconsistent. The defi- 
nitions here made of points, lines, and the plane at infinity are, 
however, precisely equivalent to the corresponding notions of the 
preceding section. We may therefore use these notions precisely in 
the same way that we consider ordinary points, lines, and planes. 
Indeed, the fact that no exceptional properties attach to our ideal 
elements follows at once from the symmetry of the analytic formu- 
lation; the codrdinate «,, whose vanishing gives rise to the ideal 
points, occupies no exceptional position in the algebra of the homo- 
geneous equations. The ideal points, then, are not to be regarded 
as different from the ordinary points. 

All the assumptions we shall make in our treatment of projective 
geometry will be found to be satisfied by the above analytic creation, 
which therefore constitutes a proof of the consistency of the assump- 
tions in question. This the reader will verify later. 

5. Projective and metric geometry. In projective geometry no 
distinction is made between ordinary points and points at infinity, 
and it is evident by a reference forward that our assumptions pro- 
vide for no such distinction. We proceed to explain this a little 
more fully, and will at the same time indicate in a general way 
the difference between projective and the ordinary Euclidean metric 
geometry. 

Confining ourselves first to the plane, let m and m/! be two distinct 
lines, and P a point not on either of the two lines. Then the points 
of m may be made to correspond to the points of m! as follows: To 
every point A on m let correspond that point 4’ on m! in which m! 
meets the line joining 4 to P (fig. 2). In this way every point on 
either line is assigned a unique corresponding point on the other 
line. This type of correspondence is called perspective, and the points 
on one line are said to be transformed into the points of the other by 
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a perspective transformation with center P. If the points of a line m 
be transformed into the points of a line m’ by a perspective transfor- 
mation with center P, and then the points of m/! be transformed into the 
points of a third line m" by a perspective transformation with a new 
center (; and if this be continued any finite number of times, ulti- 
mately the points of the line m will have been brought into corre- 
spondence with the points of a line m®, say, in such a way that every 
point of m corresponds to a unique point of m”. A correspondence 
obtained in this way is called projective, and the points of m are said 
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to have been transformed into the points of m” by a projective 
transformation. 

Similarly, in three-dimensional space, if lines are drawn joining 
every point of a plane figure to a fixed point P not in the plane 7 
of the figure, then the points in which this totality of lines meets 
another plane 7’ will form a new figure, such that to every point of 
a will correspond a unique point of 7’, and to every line of 7 will 
correspond a unique line of 7’. We say that the figure in 7 has been 
transformed into the figure in 7! by a perspective transformation with 
center P. If a plane figure be subjected to a succession of such per- 
spective transformations with different centers, the final figure will 
still be such that its points and lines correspond uniquely to the 
points and lines of the original figure. Such a transformation is again 
called a projective transformation. In projective geometry two figures 
that may be made to correspond to each other by means of a projec- 
tive transformation are not regarded as different. In other words, 
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projective geometry ts concerned with those properties of figures that 
are left unchanged when the figures are subjected to a projective 
transformation. 

It is evident that no properties that involve essentially the notion 
of measurement can have any place in projective geometry as such ;* 
hence the term projective, to distinguish it from the ordinary geom- 
etry, which is almost exclusively concerned with properties involving 
the idea of measurement. In case of a plane figure, a perspective 
transformation is clearly equivalent to the change brought about in 
the aspect of a figure by looking at it from a different angle, the 
observer’s eye being the center of the perspective transformation. 
The properties of the aspect of a figure that remain unaltered when 
the observer changes his position will then be properties with which 
projective geometry concerns itself. For this reason von Staudt called 
this science Geometrie der Lage. 

In regard to the points and lines at infinity, we can now see why 
they cannot be treated as in any way different from the ordinary 
points and lines of a figure. For, in the example given of a per- 
spective transformation between lines, it is clear that to the point at 
infinity on m corresponds in general an ordinary point on m’, and 
conversely. And in the example given of a perspective transforma- 
tion between planes we see that to the line at infinity in one plane 
corresponds in general an ordinary line in the other. In projective 
geometry, then, there can be no distinction between the ordinary 
and the ideal elements of space. 


* The theorems of metric geometry may however be regarded as special cases 
of projective theorems. 


CHAPTER I 
THEOREMS OF ALIGNMENT AND THE PRINCIPLE OF DUALITY 


6. The assumptions of alignment. In the following treatment of 
projective geometry we have chosen the point and the line as unde- 
fined elements. We consider a class (cf. § 2, p. 2) the elements of 
which we call points, and certain undefined classes of points which 
we call lines. Here the words point and line are to be regarded 
as mere symbols devoid of all content except as implied in the as- 
sumptions (presently to be made) concerning them, and which may 
represent any elements for which the latter may be valid propositions. 
In other words, these elements are not to be considered as having 
properties in common with the points and lines of ordinary Euclidean 
geometry, except in so far as such properties are formal logical conse- 
quences of explicitly stated assumptions. 

We shall in the future generally use the capital letters of the 
alphabet, as A, B, C, P, etc., as names for points, and the small let- 
ters, as a, b, c, /, etc., as names for lines. If A and B denote the same 
point, this will be expressed by the relation 4 = B; if they repre- 
sent distinct points, by the relation 4 + B. If A = B, it is sometimes 
said that A coincides with B, or that A is coincident with B. The 
same remarks apply to two lines, or indeed to any two elements of 
the same kind. 

All the relations used are defined in general logical terms, mainly 
by means of the relation of belonging to a class and the notion of one- 
to-one correspondence. In case a point is an element of one of the 
classes of points which we call lines, we shall express this relation 
by any one of the phrases: the point 7s on or lies on or ts a point of 
the line, or is wnited with the line; the line passes through or con- 
tains or ts united with the point. We shall often find it convenient 
to use also the phrase the line is on the point to express this relation. 
Indeed, all the assumptions and theorems in this chapter will be 
stated consistently in this way. The reader will quickly become ac- 


customed to this “on” language, which is introduced with the purpose 
15 
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of exhibiting in its most elegant form one of the most far-reaching 
theorems of projective geometry (Theorem 11). Two lines which have 
a point in common are said to intersect in or to meet in that point, or 
to be on a common point. Also, if two distinct points le on the same 
line, the line is said to join the points. Points which are on the 
same line are said to be collinear ; points which are not on the same 
line are said to be noncollinear. Lines which are on the same point 
(i.e. contain the same point) are said to be copwnetal, or concurrent.* 

Concerning points and lines we now make the following assump- 
tions: 

THE ASSUMPTIONS OF ALIGNMENT, A: 

Al. If A and B are distinet points, there ts at least one line on 
both A and B. 

A2. If A and B are distinct points, there is not more than one 
line on both A and B. 

A3. If A, B, C are points not all on the same line, and D and 
E (D# E) are points such that B,C, D are on a line and C, A, E 
are on a line, there is a point F 
such that A, B, F are on a line 
and also D, E, F are on a line 
(fig. 3). 

It should be noted that this set 
of assumptions is satisfied by the 
triple system (1), p. 3, and also 
by the system of quadruples (2), 
p. 6, as well as by the points and lines of ordinary Euclidean geom- 
etry with the notion of “points at infinity” (cf. § 3, p. 8), and by 
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* The object of this paragraph is simply to define the terms in common use in 
terms of the general logical notion of belonging to a class. In later portions of 
this book we may omit the explicit definition of such common terms when such 
definition is obvious. 

+ The figures are to be regarded as a concrete representation of our science, in 
which the undefined ‘points’? and ‘lines’? of the science are represented by 
points and lines of ordinary Euclidean geometry (this requires the notion of ideal 
points ; cf. § 38, p. 8). Their function is not merely to exhibit one of the many 
possible concrete representations, but also to help keep in mind the various rela- 
tions in question. In using them, however, great care must be exercised not 
to use any properties of such figures that are not formal logical consequences 
of the assumptions ; in other words, care must be taken that all deductions are 


made formally from the assumptions and theorems previously derived from the 
assumptions, 
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the “analytic projective space” described in § 4. Any one of these 
representations shows that our set of Assumptions A is consistent.* 

The following three theorems are immediate consequences of the 
first two assumptions. 


THEOREM 1. J'wo distinct points are on one and only one line. 
(Al, A2)f 

The line determined by the points A, B (4 # B) will often be 
denoted by the symbol or name AB. 


THEOREM 2. If C and D(C # D) are points on the line AB, A and 
B are points on the line CD. (A1, A2) 


THEOREM 3. Two distinct lines cannot be on more than one common 
point. (A 2) 

Assumption A3 will be used in the derivation of the next theo- 
rem. It may be noted that under Assumptions A1, A2 it may be 
stated more conveniently as follows: If A, B, C are points not all on 
the same line, the line joining any point D on the line BC to any 
point # (D+ £) on the line C'A meets the line AB in a point F&F 
This is the form in which this assumption is generally used in the 
sequel. 

7. The plane. Derinirion. If P, Q, & are three points not on 
the same line, and / is a line joining @ and R, the class S, of all 
points on the lines joining P to the points of / is called the plane 
determined by P and /. 

We shall use the small letters of the Greek alphabet, a, 8, y, 7, etc., 
as names for planes. It follows at once from the definition that P and 
every point of 7 are points of the plane determined by P and /. 


THEOREM 4. Jf A and B are points on a plane tr, then every point 
on the line AB is on 1. (A) 
Proof. Let the plane aw under consideration be determined by the 


point P and the line /. 


* In the multiplicity of the possible concrete representations is seen one of the 
great advantages of the formal treatment quite aside from that of logical rigor. It 
is clear that there is a great gain in generality as long as the fundamental assump- 
tions are not categorical (cf. p. 6). In the present treatment our assumptions are 
not made categorical until very late. 

+ The symbols placed in parentheses after a theorem indicate the assumptions 
needed in its proof. The symbol A will be used to denote the whole set of Assump- 


tions Al, A2, A3. 
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1. If both A and B are on J, or if the line AB contains P, the 
theorem is immediate. 

2. Suppose A is on J, B not on J, and AB does not contain P (fig. 4). 
Since B is a point of 7, there is a point B’ on / collinear with B and P. 
If C be any point on AB, the line 
joining C on AB to P on BB' 
will have a point 7 in common 
with AB’=/ (A 3). Hence C is a 
point of 7. 

3. Suppose neither 4 nor B is 
on J and that AB does not con- 
tain P (fig. 5). Since A and B are 
points of 7, there exist two points 
A'and B’ on / collinear with A, Pand B, P respectively. The line join- 
ing A on A'P to Bon PB' has a point Q in common with Bd’ (A 3), 
Hence every point of the line AB= AQ 
is a point of 7, by the preceding case. 

This completes the proof. 

If all the points of a line are points 
of a plane, the line is said to be a line of 
the plane, or to lve in or to be in or to 
be on the plane; the plane is said to 
pass through, or to contain the line, 
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or we may also say the plane is on the 
line. Further, a point of a plane is said 





to be im or to lie in the plane, and the halk 
plane is on the point. 

8. The first assumption of extension. The theorems of the pre- 
ceding section were stated and proved on the assumption (explicitly 
stated in each case) that the necessary points and lines exist. The 
assumptions of extension, H, insuring the existence of all the points 
which we consider, will be given presently. The first of these, how- 
ever, it is desirable to introduce at this point. 

AN ASSUMPTION OF EXTENSION: 

E0. There are at least three points on every line. 

This assumption is needed in the proof of the following 

THEOREM 5. Any two lines on the same plane 7 are on a common 
point. (A, K0) 


$3] ASSUMPTION OF EXTENSION 19 


Proof. Let the plane 7 be determined by the point P and the line J, 
and let a and 6 be two distinct lines of 7. 

1. Suppose @ coincides with / (fig. 6). If 6 contains P, any point 
B of b (E0) is collinear with P and 
some point of /=a, which proves the 
theorem when 0 contains P. If } does 
not contain P, there exist on b two 
points A and B not on 7 (E0), and 
since they are points of 7, they are 
collinear with P and two points 4’ 
and B' of J respectively. The line 
joining 4 on 4'P to B on PB has a 
point # in common with 4’B! (A 3) 

e. /=aand bd have a point in common. Hence ever ry line in the plane 
7 Wits a point in common with 1. 

2. Let a and b both be distinct 
from /. (i) Let a contain P (fig. 7). 
The line joining P to any point 
B of 6 (EO) has a point B’ in com- 
mon with / (Case 1 of this proof). 
Also the lines a and 0 have points 
A’ and £ respectively in common 
with 2 (Case 1). Now the line 
A'P=<a contains the points A’ of 
RB' and P of B'B, and hence has a point 4 in common with BR = 0. 
Hence every line of r has a point 
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in common with any line of T 
through P. (ii) Let neither a nor 
b contain P (fig. 8). As before, 
a and b meet J in two points Q 
and & respectively. Let B’ be a 
point of 7 distinct from Q and & 
(E0). The line PB’ then meets 
a and 6 in two points 4 and B 
respectively (Case 2, (i)). If 
A=B, the theorem is proved. If A +# B, the line d has the point 
R in common with QB! and the point B in common with BA, and 
hence has a point in common with 4Q =a (A 3). 
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TurorEeM 6. The plane a determined by a line | and a point P ts 
identical with the plane B determined by a line m and a point Q, 
provided m and Q are on a (A, EO) 

Proof. Any point B of 8 is collinear with Q and a point A of m 
(fig. 9). A and Q are both points of a, and hence every point of the 

line AQ is a point of a (Theorem 4). 
Hence every point of 8 is a point 
Po Q of a. Conversely, let B be any point 
of a The line BQ meets m in a 


L point (Theorem 5). Hence every 

point of @ is also a point of 8. 
B CoroLuaRy. There is one and only 
A one plane determined by three non- 


collinear points, or by a line and a 
point not on the line, or by two inter- 
secting lines. (A, EO) 

The data of the corollary are all equivalent by virtue of E0. We 
will denote by ABC the plane determined by the points 4, B, C; 
by aA the plane determined by the line a and the point 4, ete. 
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THEOREM 7. T'wo distinct planes which are on two common points 
A, B(A#B) are on all the points of the line AB, and on no other com- 
mon points. (A, E0) 

Proof. By Theorem 4 the line AB les in each of the two planes, 
which proves the first part of the proposition. Suppose C, not on AB, 
were a point common to the two planes. Then the plane determined by 
A, B, C would be identical with each of the given planes (Theorem 6), 
which contradicts the hypothesis that the planes are distinct. 

CoroLLaRy. T'wo distinct planes cannot be on more than one com- 
mon line. (A, 0) 

9. The three-space. Derrinirion. If P, Q, R, 7 are four points 
not in the same plane, and if w is a plane containing Q, &, and 7, 
the class S, of all points on the lines joining P to the points of is 
called the space of three dimensions, or the three-space determined 
by P and zr. 

If a point belongs to a three-space or is a point of a three-space, it 
is said to be in or to lie in or to be on the three-space. If all the points 
of a line or plane are points of a three-space S,, the line or plane is said 
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ed 


to lie im or to be in or to be on the S,. Also the three-space is said to 
be on the point, line, or plane. It is clear from the definition that P and 
every point of m are points of the three-space determined by P and 7. 


my 


THEoREM 8. [f A and B are distinct points on a three-space S, 
every point on the line AB is on S,. (A) 


Proof. Let S, be determined by 
a plane w and a point P. 

1. If A and B are both in a, the 
theorem is an immediate conse- 
quence of Theorein 4. 

2. If the line AB contains P, 
the theorem is obvious. 

3. Suppose 4 is in 7, B not in 
m7, and AB does not contain P 
(fig. 10). There then exists a point 
B' (# A) of w collinear with B 
and P (def.). The line joining any point M on AB to P on BB' has 
a point M/’ in common with B’A (A 3). But M' is a point of 7, since 
it is a point of 4B’. Hence Mis a point of S, (der). 

4, Let neither 4 nor B lie in 7, and let AB not contain P (fig. 11). 
The lines PA and PB meet 7 in 
two points A’ and B’ respectively. 
But the line joining 4 on A’P to 
B on PB' has a point C in common 
with B’A’. C isa point of 7, which 
reduces the proof to Case 3. 

It may be noted that in this 
proof no use has been made of E0. 

In discussing Case 4 we have 
proved incidentally, in connection 
with EO and Theorem 4, the fol- 
lowing corollary: 





Fie. 10 





Fie. 11 


Corotuary 1. Jf S, is a three-space determined by a point Pand a 
plane m, then m and any line on S, but not on m are on one and only 
one common point. (A, E0) 

Coronary 2. Every point on any plane determined by three non- 
collinear points on a three-space S, is on S,. (A) 
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Proof. As before, let the three-space be determined by 7 and P, 
and let the three noncollinear points be A, B, C. Every point of the 
line BC is a point of S, (Theorem 8), and every point of the plane 
ABC * is collinear with A and some point of BC. 


CoroLuary 3. Jf a three-space S, is determined by a point P and 
a plane 1, then 7 and any plane on S, distinct from 7 are on one 
and only one common line. (A, E0) 


Proof. Any plane contains at least three lines not passing through 
the same point (def, A1). Two of these lines must meet 7 in two 
distinct points, which are also 
points of the plane of the lines 
(Cor. 1). The result then follows 
from Theorem 7. 


THEOREM 9. Jf a plane a and 
a line a not on @ are on the same 
three-space S,, then a and a are 
on one and only one common point. 
(A, E0) 

Proof. Let S, be determined by 
the plane 7 and the point P. 

1. If a@ coincides with 7, the theo- 
rem reduces to Cor. 1 of Theorem 8. 

2. If @ is distinct from 7, it has 
a line / in common with a (Theorem 8, Cor. 3). Let 4 be any point 
on @ not on J (EO) (fig. 12). The plane aA, determined by 4 and a, 
meets 7 in a line m #/ (Theorem 8, Cor. 3). The lines 7, m have 
a point B in common (Theorem 5). The line 4B in aA meets a@ in 
a point Y (Theorem 5), which is on a, since AB is on a. That @ 
and a have no other point in common follows from Theorem 4. 





CoroLuary 1. Any two distinct planes on a three-space are on one 
and only one common line. (A, E0) 


The proof is similar to that of Theorem 8, Cor. 3, and is left as an 
exercise. 


CoROLLARY 2. Conversely, if two planes are on a common line, there 
exists a three-space on both. (A, E0) 


* The proof can evidently be so worded as not to imply Theorem 6. 


§ 9] THE THREE-SPACE 2a 


Pars 


Proof. If the planes @ and @ are distinct and have a line 7 in 
common, any point P of 8 not on / will determine with a@ a three- 
space containing / and P and hence containing 8 (Theorem 8, Cor. 2). 

CoroLLary 3. Three planes on a three-space wiich are not on a 
common line are on one and only one common point. (A, E0) 

Proof. This follows without difficulty from the theorem and Cor. 1. 

Two planes are said to determine the line which they have in com- 
mon, and to intersect or meet in that line. Likewise if three planes 
have a point in common, they are said to intersect or meet in the point. 

CoroLiary 4. If a, 8, y are three distinct planes on the same S, 
but not on the same line, and if a line 1 is on each of two planes p,v 
which are on the lines By and ya respectively, then it is on a plane X 
which is on the line a8. (A, EO) 

Proof. By Cor. 3 the planes a, 
8, y have a point P in common, 
so that the lines fy, ya, a all 
contain P. The line /, being com- 
mon to planes through fy and ya, 
must pass through P, and the 
lines / and af therefore intersect 
in P and hence determine a plane 
» (Theorem 6, Cor.). 

THEOREM 10. The three-space 
S, determined by a plane m and 
a point P is identical with the three-space Si determined by a plane 
m' and a point P', provided 7! and P' are on S,. (A, EO) 

Proof. Any point A of SJ (fig. 13) is collinear with P’ and some 
point 4’ of 7’; but P’ and 4! are both points of S, and hence 4 is a 
point of S, (Theorem 8). Hence every point of Sj is a point of S,. 
Conversely, if A is any point of S,, the line AP’ meets 7’ in a point 
(Theorem 9). Hence every point of S, is also a point of Sj. 

CoroLuary. There is one and only one three-space on four given 
points not on the same plane, or a plane and a point not on the plane, 
or two nonintersecting lines. (A, KO) 

The last part of the corollary follows from the fact that two 
nonintersecting lines are equivalent to four points not in the same 


plane (EK 0). 
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It is convenient to use the term coplanar to describe points in the 
same plane. And we shall use the term skew lines for lines that have 
no point in common. Four noncoplanar points or two skew lines 
are said to determine the three-space in which they lie. 

10. The remaining assumptions of extension for a space of three 
dimensions. In § 8 we gave a first assumption of extension. We will 
now add the assumptions which insure the existence of a space of 
three dimensions, and will exclude from our consideration spaces of 
higher dimensionality. 

ASSUMPTIONS OF EXTENSION, E: 

El. There exists at least one line. 

E2. All points are not on the same line. 

E3. All points are not on the same plane. 

E3!. If S, ts a three-space, every point is on S,. 

The last may be called an assumption of closwre.* 

The last assumption might be replaced by any one of several equiv- 
alent propositions, such as for example: 

Hvery set of five points lie on the same three-space ; or 

Any two distinct planes have a line in common. (Cf. Cor. 2, Theo- 
rem 9) 

There is no logical difficulty, moreover, in replacing the assumption 
(EK 3’) of closure given above by an assumption that all the points 
are not on the same three-space, and then to define a “ four-space ” 
in a manner entirely analogous to the definitions of the plane and 
to the three-space already given. And indeed a meaning can be given 
to the words point and line such that this last assumption is satisfied 
as well as those that precede it (excepting E3! of course). We 
could thus proceed step by step to define the notion of a linear 
space of any number of dimensions and derive the fundamental 
properties of alignment for such a space. But that is aside from our 
present purpose. The derivation of these properties for a four-space 
will furnish an excellent exercise, however, in the formal reasoning 
here emphasized (ef. Ex. 4, p. 25). The treatment for the n-dimensional 
case will be found in § 12, p. 29. 


* The terms extension and closure in this connection were suggested by N. J. Lennes. 
It will be observed that the notation has been so chosen that Hi insures the exist- 
ence of a space of i dimensions, the line and the plane being regarded as spaces of 
one and two dimensions respectively. 
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The following corollaries of extension are readily derived from the 
assumptions just made. The proofs are left as exercises. 


CoroLLary 1. A? least three coplanar lines are on every point. 
CoROLLary 2. At least three distinct planes are on every line. 
COROLLARY 3. All planes are not on the same line. 

CoroLLaky 4. All planes are not on the same point. 
CoRoLLaRY 5. Jf S, is a three-space, every plane is on S,. 


EXERCISES 


1. Prove that through a given point P not on either of two skew lines 1 
and /’ there is one and only one line meeting both the lines J, I’. 

2. Prove that any two lines, each of which meets three given skew lines, 
are skew to each other. 

3. Our assumptions do not as yet determine whether the number of points 
on a line is finite or infinite. Assuming that the number of points on one line 
is finite and equal to n +1, prove that 

i. the number of points on every line is n + 1; 

ii. the number of points on every plane is n? 4+ +1; 

iii. the number of points on every three-space is n? + n? +n +1; 

iv. the number of lines on a three-space is (n? +1) (n?+ +1); 

y. the number of lines meeting any two skew lines on a three-space is 
(n +1)?; 

vi. the number of lines on a point or on a plane is n? +n +1. 

4. Using the definition below, prove the following theorems of alignment for 
a four-space on the basis of Assumptions A and E0: 

Derinition. If P, Q, R, S, T are five points not on the same three-space, 
and S, is a three-space on Q, R, S, T, the class S, of all points on the 
lines joining P to the points of S, is called the four-space determined by 
P and §,. 

i. If A and P are distinct points on a four-space, every point on the line AB 
is on the four-space. 

ii. Every line on a four-space PQRST which is not on the three-space 
QRST has one and only one point in common with the three-space. 

iii. Every point on any plane determined by three noncollinear points on 
a four-space is on the four-space. 

iv. Every point on a three-space determined by four noncoplanar points 
of a four-space is on the four-space. 

v. Every plane of a four-space determined by a point P and a three-space 
S, has one and only one line in common with S,, provided the plane is not on S,. 

vi. Every three-space on a four-space determined by a point P and a three- 
space S, has one and only one plane in common with S,, provided it does 
not coincide with S,. 
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vii. If a three-space $, and a plane a not on S, are on the same four-space, 
S, and a have one and only one line in common. 

viii. If a three-space S, and a line / not on S, are on the same four-space, 
S, and / have one and only one point in common. 

ix. Two planes on the same four-space but not on the same three-space 
have one and only one point in common. 

x. Any two distinct three-spaces on the same four-space have one and only 
one plane in common. 

xi. If two three-spaces have a plane in common, they lie inthe same four-space. 

xii. The four-space S, determined by a three-space S, and a point P is 
identical with the four-space determined by a three-space S; and a point P’, 
provided Sj and P’ are on S,. 

5. On the assumption that a line contains n + 1 points, extend the results 
of Ex. 3 to a four-space. 


11. The principle of duality. It is in order to exhibit the theorem 
of duality as clearly as possible that we have introduced the sym- 
metrical, if not always elegant, terminology: 


A point is on a line. A line is on a point. 

A point is on a plane. A plane is on a point. 

A line is on a plane. A plane is on a line. 

A point is on a three-space. A three-space is on a point. 
A line is on a three-space. A three-space is on a line. 
A plane is on a three-space. A three-space is on a plane. 


The theorem in question rests on the following observation: If any 
one of the preceding assumptions, theoreins, or corollaries is expressed 
by means of this “on” terminology and then a new proposition is 
formed by simply interchanging the words point and plane, then 
this new proposition will be valid, ie. will be a logical consequence 
of the Assumptions A and E. We give below, on the left, a complete 
list of the assumptions thus far made, expressed in the “on” termi- 
nology, and have placed on the right, opposite each, the corresponding 
proposition obtained by interchanging the words point and plane 
together with the reference to the place where the latter proposition 
occurs in the preceding sections : 


Assumptions Al, A2. If dand THEOREM 9, Cor. 1. If a and B 
B are distinct points, there is one are distinct planes, there is one and 
and only one line on A and B. only one line on @ and §.* 


* By virtue of Assumption E 3’ it is not necessary to impose the condition that the 
elements to be considered are in the same three-space, This observation should empha- 
size, however, that the assumption of closure is essential in the theorem to be proved. 
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AssuMPTION A 3. If A, B,C are 
points not all on the same line, and 
D and E (D# £) are points such 
that B, C, D are on a line and C, 
A, F are on a line, then there isa 
point #' such that 4, B, Fare ona 
line and also D, Z, Fare on a line. 

ASSUMPTION EQ. There are at 
least three points on every line. 

ASSUMPTION E11. There exists 
at least one line. 

ASSUMPTION E 2. All points are 
not on the same line. 

ASSUMPTION E3. All points are 
not on the same plane. 

AssumPTION E3!. If S, is a 
three-space, every point is on S,. 
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THEOREM 9, Cor. 4. If a, 8, 
are planes not all on the same line, 
and wand v (uw # v) are planes such 
that 8, y, ware on a line and y, a, v 
are on a line, then there isa plane A 
such that a, 8, X are on a line and 
also mw, v, A are on a line. 

Cor. 2, p. 25. There are at 
least three planes on every line. 

ASSUMPTION E 1. There exists 
at least one line. 

Cor. 3, p. 25. All planes are 
not on the same line. 

Cor. 4, p. 25. All planes are 
not on the same point. 

Cor. 5, p. 25. If S, is a three- 
space, every plane is on S,. 


In all these propositions it is to be noted that a line is a class 
of points whose properties are determined by the assumptions, while 
a plane is a class of points specified by a definition. This definition 
in the “on” language is given below on the left, together with a 
definition obtained from it by the interchange of point and plane. 
Two statements in this relation to one another are referred to as 
(space) dwals of one another. 


If P, Q, & are points not on 
the same line, and / is a line on 
Q and R, the class S, of all 
points such that every point of 
S, is on a line with P and some 
point on Z is called the plane 
determined by P and J. 


If X, w, v are planes not on the 
same line, and 7 is a line on p 
and v, the class B, of all planes 
such that every plane of B, is on 
a line with A and some plane on 
lis called the bundle determined 
by » and J. 


Now it is evident that, since A, w, v and / all pass through a point O, 
the bundle determined by A and / is simply the class of all planes on 
the point O. In like manner, it is evident that the dual of the defini- 
tion of a three-space is simply a definition of the class of all planes on 
a three-space. Moreover, dual to the class of all planes on a line we 
have the class of all points on a line, ie. the line itself, and conversely. 
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With the aid of these observations we are now ready to establish 
the so-called principle of duality : 

THEOREM 11. THE THEOREM OF DUALITY FOR A SPACE OF THREE 
DIMENSIONS. Any proposition deducible from Assumptions A and E 
concerning points, lines, and planes of a three-space remains valid, if 
stated in the “on” terminology, when the words “ point” and “ plane” 
are interchanged. (A, E) 

Proof. Any proposition deducible from Assumptions A and E is 
obtained from the assumptions given above on the left by a certain 
sequence of formal logical inferences. Clearly the same sequence of 
logical inferences may be applied to the corresponding propositions 
given above on the right. They will, of course, refer to the class of 
all planes on a line when the original argument refers to the class of 
all points on a line, ie. to a line, and to a bundle of planes when the 
original argument refers to a plane. The steps of the original argu- 
ment lead to a conclusion necessarily stated in terms of some or all 
of the twelve types of “on” statements enumerated at the beginning 
of this section. The derived argument leads in the same way to a 
conclusion which, whenever the original states that a point P is on a 
line J, says that a plane 7’ is one of the class of planes on a line J’, 
ie. that 7! is on /’; or which, whenever the original argument states 
that a plane 7 is on a point P, says that a bundle of planes on a 
point P’ contains a plane w’, ie. that P’ is on 7’. Applying similar 
considerations to each of the twelve types of “on” statements in 
succession, we see that to each statement in the conclusion arrived 
at by the original argument corresponds a statement arrived at by 
the derived argument in which the words point and plane in the 
original statement have been simply interchanged. 

Any proposition obtained in accordance with the principle of dual- 
ity just proved is called the space dual of the original proposition. 
The point and plane are said to be dual elements; the line is sel/- 
dual. We may derive from the above similar theorems on duality in 
a plane and at a point. For, consider a plane 7 and a point P not on 
a, together with all the lines joining P with every point of 7. Then 
to every point of w will correspond a line through P, and to every 
line of w will correspond a plane through P. Hence every proposi- 
tion concerning the points and lines of m is also valid for the corre- 
sponding lines and planes through P. The space dual of the latter 
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proposition is a new proposition concerning lines and points on a 
plane, which could have been obtained directly by interchanging 
the words point and line in the original proposition, supposing the 
latter to be expressed in the “on” language. This gives 


THEOREM 12. THE THEOREM OF DUALITY IN A PLANE. Any prop- 
osition deducible from Assumptions A and E concerning the points 
and lines of a plane remains valid, if stated in the “on” terminology, 
when the words “ point” and “line” are interchanged. (A, E) 


The space dual of this theorem then gives 


THEOREM 13. THE THEOREM OF DUALITY AT A POINT. Any prop- 
osition deducible from Assumptions A and E concerning the planes 
and lines through a point remains valid, if stated in the “on” termi- 
nology, when the words “ plane” and “line” are interchanged. (A, E) 


The principle of duality was first stated explicitly by Gergonne (1826), but 
was led up to by the writings of Poncelet and others during the first quarter 
of the nineteenth century. It should be noted that this principle was for 
several years after its publication the subject of much discussion and often 
acrimonious dispute, and the treatment of this principle in many standard 
texts is far from convincing. The method of formal inference from explicitly 
stated assumptions makes the theorems appear almost self-evident. This may 
well be regarded as one of the important advantages of this method. 

It is highly desirable that the reader gain proficiency in forming the duals 
of given propositions. It is therefore suggested as an exercise that he state 
the duals of each of the theorems and corollaries in this chapter. He should 
in this case state both the original and the dual proposition in the ordinary 
terminology in order to gain facility in dualizing propositions without first 
stating them in the often cumbersome ‘‘on” language. It is also desirable 
that he dualize several of the proofs by writing out in order the duals of each 
proposition used in the proofs in question. 


EXERCISE 
Prove the theorem of duality for a space of four dimensions: Any propo- 
sition derivable from the assumptions of alignment and extension and closure 


for a space of four dimensions concerning points, lines, planes, and three- 
terminology, if the words 


” 


spaces remains valid when stated in the ‘on 
point and three-space and the words line and plane be interchanged. 


*12. The theorems of alignment for a space of n dimensions. We 
have already called attention to the fact that Assumption E32’, 
whereby we limited ourselves to the consideration of a space of only 


* This section may be omitted on a first reading. 
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three dimensions, is entirely arbitrary. This section is devoted to the 
discussion of the theorems of alignment, ie. theorems derivable from 
Assumptions A and E0, for a space of any number of dimensions. 
In this section, then, we make use of Assumptions A and EO only. 

Derinition. If P, B, B,---, R are n+1 points not on the same 
(n — 1)-space, and S,_, is an (7 —1)-space on F, &,---, &, the class 
S, of all points on the lines joining & to the points of S,_, is called 
the n-space determined by # and S,_,. 

As a three-space has already been defined, this definition clearly 
determines the meaning of “n-space” for every positive integral value 
of 2. We shall use S, as a symbol for an n-space, calling a plane a 
2-space, a line a 1-space, and a point a 0-space, when this is convenient. 
S, is then a symbol for a point. 

Derinition. An S, is on an S, and an S, is on an S, (7 < 2), pro- 
vided that every point of S, is a point of S.. 

DEFINITION. / points are said to be independent, if there is no S,_, 
which contains them all. 

Corresponding to the theorems of §§ 6-9 we shall now establish 
the propositions contained in the following Theorems S,1, S,2, 
S,3. As these propositions have all been proved for the case n = 3, 
it is sufficient to prove them on the hypothesis that they have already 
been proved for the cases n = 8, 4,---,u—1; ie. we assume that the 
propositions contained in Theorem S,_,1, a, 0}, ¢, d, e, f have been 
proved, and derive Theorem S,1, a,---, f#from them. By the prin- 
ciple of mathematical induction this establishes the theorem for any n. 

THEOREM S,1. Let the n-space S, be defined by the point R, and the 
(n —1)-space R,_,. 

a. There is an n-space on any n +1 independent points. 

b. Any line on two points of S, has one point in common with R 
and is on S,. 

c. Any S,(r <n) on r +1 independent points of S, is on S,. 

d. Any S,(r <n) on r +1 independent points of S, has an S,_, in 
common with R,_,, provided the r+ 1 points are not all on R,_,. 

e. Any line l on two points of S, has one point in common with 
any S 


n—1 


Se ON Das 
Jf. If T, and T,_, (1, not on T,_,) are any point and any 
(n —1)-space respectively of the n-space determined by R, and R,_ 


the latter n-space is the same as that determined by Ty and T,_ 


yp 


1 
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Proof. a. Let then +1 independent points be P, P,,---, P,. Then 
the points Rf, P,,---, B are independent; for, otherwise, there would 
exist an S,_, containing them all (definition), and this S,_, with P 
would determine an S,_, containing all the points P, P, .--, P, con- 
trary to the hypothesis that they are independent. Hence, by Theorem 
S,-i1 4, there is an S,_, on the points P, B,---, PB; and this S,_, 
with & determines an n-space which is on the points P, PR, B,---, P. 

b. If the line 7 is on R, or R,_,, the proposition is evident from the 
definition of S,. If 7 is not on R, or R,_,, let A and B be the given 
points of / which are on S,. The lines R, 4 and R, B then meet R,_, 
in two points A’ and B’ respectively. The line / then meets the two 
lines B’/R,, R,4’; and hence, by Assumption A 3, it must meet the 
line A’B' in a point P which is on R,_, by Theorem S,_,16. To 
show that every point of / is on S,, consider the points 4, 4’, P. Any 
line joining an arbitrary point Q of / to R,, meets the two lines PA 
and Ad’, and hence, by Assumption A 3, meets the third line 4’P. 
But every point of A’P is on R,_, (Theorem S,_,10), and hence Q 
is, by definition, a point of S,. ; 

ce. This may be proved by induction with respect tor. For r=1 it 
reduces to Theorem S,10. If the proposition is true for 7 = * —1, all 
the points of an S, on & +1 independent points of S, are, by definition 
and Theorem S,1//, on lines joining one of these points to the points 
of the S,_, determined by the remaining # points. But under the 
hypothesis of the induction this S,_, is on S,, and hence, by Theorem 
S,10, all points of S, are on S,,. 

d. Let r +1 independent points of S, be &, f,--+, # and let 2 be 
not on R,_,. Each of the lines RR (k=1,---,7r) has a point Q, in 
common with R,_, (by S,18). The points Q,, Q,,---, @, are inde- 
pendent; for if not, they would all be on the same S,_,, which, 
together with R, would determine an S,_, containing all the pe*“ts 
P. (by S,_,18). Hence, by S,_,14, there is an S,_, on Q,, ,,°--, 9, 
which, by ¢, is on both S, and S,. 

e. We will suppose, first, that one of the given points is R,. Let 
the other be A. By definition / then meets R,_, in a point A’, and, by 
S,_,14, in only one such point. If R, is on S,_,, no proof is required 
for this case. Suppose, then, that R, is not on S,_,, and let C be any 
point of S,_,. The line R,C meets R,_, in a point C’ (by definition). 
By d,S,_, has in common with R,_, an (n — 2)-space, S,_., and, by 
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‘Theorem S,_,le, this has in common with the line A/C’ at least 
one point D!, All points of the line D'C are then on S,_,, by S,_,1. 
Now the line 7 meets the two lines C'D! and CC’; hence it meets the 
line CD! (Assumption A 3), and has at least one point on S,_,. 

We will now suppose, secondly, that both of the given points are 
distinct from F,. Let them be denoted by A and B, and suppose that 
R, is not on S,_,. By the case just considered, the lines R,4 and 
R,B meet S,_, in two points A’ and B’ respectively. The line /, which 
meets R, 4’ and R,B! must then meet A’B’ in a point which, by 
Theoremponn4 kb) issongo ees 

Suppose, finally, that R, is on S,_,, still under the hypothesis that / 
is not on R,. By d, S,_, meets R,_, in an (n— 2)-space Q,_,, and 
the plane R,/ meets R,_, in a line /’. By Theorem S,_,1e, J’ and 
Q,_. have in common at least one point P. Now the lines/ and R,P 
are on the plane R,/, and hence have in common a point Q (by Theorem 
S,l¢= Theorem 5). By S,_,10 the point Q is common to S,_, and J, 

jf. Let the n-space determined by T, and T,_, be denoted by T,,. 
Any point of T, is on a line joining T, with some point of T,_,. 
Hence, by 8, every point of T, is on S,. Let P be any point of S, 
distinct from T,. The line T,P meets T,_, in a point, by e. Hence 
every point of S, is a point of T,. 

CoROLLARY. On n+1 independent points there is one and but one S,. 


This is a consequence of Theorem S,la@ and S,1f. The formal 
proof is left as an exercise. 


THEOREM S,2. An S, and an S, having in common an S,, but 
not an S, 44, are on a common S,,,_, and are not both on the same 
S, fun<r+kh—p. 

Proof. li k= p, S,is on S,. If k>p, let BR be a point on S, not 
on S,. Then # and S, determine an S,,,, and # and S, an S,,,, 
such that S,,, is contained in S,,, and S,. If k >p+1, let B bea 
point of S, not on S,,,. Then 7 and S,,, determine an S,,,, while 
F, and S,,, determine an S, ,,, which is on S,,, and £,. This process 
can be continued until there results an S,, ; containing all the points 
of S,. By Theorem S,1, Cor. we have i=k—~p. At this stage in the 
process we obtain an S,,,_, which contains both S, and S,. 

The argument just made shows that F, R, ---, P,_,, together with 
any set Q,, Q,-++, M,4,,0f 7 +1 independent points of S,, constitute 
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a set of r+hk—p-+1 independent points, each of which is either in 
S, or S,. If S, and S, were both on an S,, where n < 7+k— >p, these 
could not be independent. 


THEOREM S,3. An S, and an S, contained in an S, are both on the 
SBMCS, oy» 

Proof. If there were less than r+ —n-+ 1 independent points 
common to S, and S,, say r-+—n points, they would, by Theorem S,2, 
determine an S,, where g=r+k—(r+k—n—1)=n+1. 

Theorems S,2 and S,3 can be remembered and applied very easily 
by means of a diagram in which S, is represented by n+ 1 points. 
Thus, if m = 3, we have a set of four points. That any two S,’s have 
an S, in common corresponds to the fact that any two sets of three 
must have at least two points in common. In the general case a set 
of x +1 points and a set of k+1 selected from the same set of aL jl 
have in common at least r+ k—n-+1 points, and this corresponds 
to the last theorem. This diagram is what our assumptions would 
describe directly, if Assumption E 0 were replaced by the assumption: 

Every line contains two and only two pornts. 

If one wishes to confine one’s attention to the geometry in a space 
of a given number of dimensions, Assumptions E2, E3, and E3/ may 
be replaced by the following : 

En. Not all points are on the same S,, if k <n. 

En’. If S is an S,,, all points are on S. 

For every S, there is a principle of duality analogous to that which 
we have discussed for 7 =3. In S, the duality is between S,and S,_,_, 
(counting a point as an S,), for all #’s from 0 to n—1. If n is odd, 
there is a self-dual space in S,; if 1 is even, S, contains no self-dual 
space. 

EXERCISES 
1. State and prove the theorems of duality in S,; in S,,. 
2. If m +1 is the number of points on a line, how many S,’s are there in 


an S,,? 
*3. State the assumptions of extension by which to replace Assumption En 


and En’ for spaces of an infinite number of dimensions. Make use of the 


transfinite numbers. 


* Exercises marked * are of a more advanced or difficult character. 


CHAPTER II 


PROJECTION, SECTION, PERSPECTIVITY. ELEMENTARY 
CONFIGURATIONS 


13. Projection, section, perspectivity. The point, line, and plane 
are the simple elements of space*; we have seen in the preceding 
chapter that the relation expressed by the word on is a reciprocal 
relation that may exist between any two of these simple elements. 
In the sequel we shall have little occasion to return to the notion of 
a line as being a class of points, or to the definition of a plane; but 
shall regard these elements simply as entities for which the relation 
“on” has been defined. The theorems of the preceding chapter are to 
be regarded as expressing the fundamental properties of this relation. 
We proceed now to the study of certain sets of these elements, and 
begin with a series of definitions. 

DEFINITION. A figure is any set of points, lines, and planes in space. 
A plane figure is any set of points and lines on the same plane. A 
point figure is any set of planes and lines on the same point. 

It should be observed that the notion of a point figure is the space 
dual of the notion of a plane figure. In the future we shall fre- 
quently place dual definitions and theorems side by side. By virtue 
of the principle of duality it will be necessary to give the proof of 
only one of two dual theorems. 

DEFINITION. Given a figure F 
and a point P; every point of F 
distinct from P determines with 
P a line, and every line of F not 


DEFINITION. Given a figure F 
and a plane 7}; every plane of F 
distinct from 7 determines with 
m a line, and every line of F not 


on P determines with P a plane; 
the set of these lines and planes 
through P is called the projection 


on 7 determines with 7 a point; 
the set of these lines and points 
on a is called the section ¢ of F 


* The word space is used in place of the three-space in which are all the elements 


considered. 


+ We shall not in future, however, confine ourselves to the ‘on’? terminology, 
but shall also use the more common expressions. 
{ A section by a plane is often called a plane section. 
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of F from P. The individual lines 
and planes of the projection are 
also called the projectors of the 
respective points and lines of F. 
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by a. The individual lines and 
points of the section are also 
called the traces of the respective 
planes and lines of F. 


If F is a plane figure and the point P is in the plane of the figure, the 
definition of the projection of F from P has the following plane dual: 

DEFINITION. Given a plane figure F and a line Z in the plane of F; 
the set of points in which the lines of F distinct from / meet / is 
called the section of F by U. The line / is called a transversal, and 
the points are called the traces of the respective lines of F. 

As examples of these definitions we mention the following: The 
projection of three mutually intersecting nonconcurrent lines from a 
point P not in the plane of the lines consists of three planes through P; 
the lines of intersection of these planes are part of the projection only 
if the points of intersection of the lines are thought of as part of the 
projected figure. The section of a set of planes all on the same line 
by a plane not on this line consists of a set of concurrent lines, the 
traces of the planes. The section of this set of concurrent lines in a 
plane by a line in the plane not on their common point consists of 
a set of points on the transversal, the points being the traces of the 
respective lines. 

Derinition. Two figures F,, F, are said to be 7 (1, 1) correspond- 
ence or to correspond in a one-to-one reciprocal way, if every element 
of F, corresponds (cf. footnote, p. 5) to a unique element of F, in such 
a way that every element of F, is the correspondent of a unique ele- 
ment of F,. A figure is in (1, 1) correspondence with rtself, if every 
element of the figure corresponds to a unique element of the same 
figure in such a way that every element of the figure is the corre- 
spondent of a unique element. Two elements that are associated in 
this way are said to be corresponding or homologous elements. 

A correspondence of fundamental importance is described in the 
following definitions : 


DEFINITION. If any two homol- 
ogous elements of two corre- 
sponding figures have the same 
projector from a fixed point 0O, 
such that all the projectors are 


DeFIniTIon. If any two homol- 
ogous elements of two corre- 
sponding figures have the same 
trace in a fixed plane ow, such 
that all the traces of either 
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distinct, the figures are said to figure are distinct, the figures are 
be perspective from O. The point said to be perspective from a. 
O is called the center of perspec- The plane @ is called the plane 
tivity. of perspectivity. 

DEFINITION. If any two homologous lines in two corresponding 
figures in the same plane have the same trace on a line /, such 
that all the traces of either figure are distinct, the figures are said 
to be perspective from 1. The line / is called the axis of perspectivity. 

Additional definitions of perspective figures will be given in the 
next chapter (p. 56). These are sufficient for our present purpose. 

DEFINITION. To project a figure in a plane a from a point O onto a 
plane a’, distinct from a, is to form the section by a’ of the projection 
of the given figure from O. To project a set of points of a line l from 
a point O onto a line I’, distinct from 7 but in the same plane with / 
and O, is to form the section by /' of the projection of the set of points 
from 0. 

Clearly in either case the two figures are perspective from O, pro- 
vided O is not on either of the planes a, a’ or the lines J, J’. 


EXERCISE 
What is the dual of the process described in the last definition? 


The notions of projection and section and perspectivity are fun- 
damental in all that follows.* They will be made use of almost 
immediately in deriving one of the most important theorems of pro- 
jective geometry. We proceed first, however, to define an important 
class of figures. 

14. The complete n-point, etc. DEFINITION. A complete n-point in 
space or a complete space n-point is the figure formed by 7 points, no 
four of which he in the same plane, together with the n(n —1)/2 
lines joining every pair of the points and the n(n—1)(n— 2) /6 planes 
joining every set of three of the points. The points, lines, and planes 
of this figure are called the vertices, edges, and faces respectively of 
the complete n-point. 


* The use of these notions in deriving geometrical theorems goes back to early 
times. Thus, e.g., B. Pascal (1623-1662) made use of them in deriving the theorem 
on a hexagon inscribed in a conic which bears hisname. The systematic treatment 
of these notions is due to Poncelet; cf. his Traité des propriétés projectives des 
figures, Paris, 1822. 
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The simplest complete n-point in space is the complete space 
four-point. It consists of four vertices, six edges, and four faces, 
and is called a tetrahedron. It is a self-dual figure. 


EXERCISE 


Define the complete n-plane in space by dualizing the last definition. The 
planes, lines, and points of the complete n-plane are also called the fuces, 
edges, and vertices of the n-plane. 

DEFINITION. A complete n-point in a plane or a complete plane 
n-point is the figure formed by mn points of a plane, no three of 
which are collinear, together with the n(n —1)/2 lines joining every 
pair of the points. The points are called the vertices and the lines 
are called the sides of the n-point. The plane dual of a complete 
plane -point is called a complete plane n-line. It has n sides and 
n(n —1)/2 vertices. The simplest complete plane n-point consists of 
three vertices and three sides and is called a triangle. 

DEFINITION. A simple space n-point is a set of n points R, B, B,---,P. 
taken in a certain order, in which no four consecutive points are 
coplanar, together with the 2 lines FAL, BR,---, PF joining suc- 
cessive points and the nm planes FRA,---, RAL determined by 
successive lines. The points, lines, and planes are called the vertices, 
edges, and faces respectively of the figure. The space dual of a simple 
space n-point is a simple space n-plane. 

DEFINITION. A simple plane n-point is a set of n points f, B, &,---P 
of a plane taken in a certain order in which no three consecutive points 
are collinear, together with the lines FF, LF, ---, BF joining suc- 
cessive points. The points and lines are called the vertices and sides 
respectively of the figure. The plane dual of a simple plane »-point is 
called a simple plane n-line. 

Evidently the simple space -point and the simple space n-plane are 
identical figures, as likewise the simple plane m-point and the simple 
plane n-line. Two sides of a simple »-line which meet in one of its 
vertices are adjacent. Two vertices are adjacent if in the dual relation. 
Two vertices of a simple n-point RF --- L (1 even) are opposite if, in 
the order BP --- P, as many vertices follow one and precede the other 
as precede the one and follow the other. If 7 is odd, a vertex and a 
side are opposite if, in the order FF, - - - £, as many vertices follow the 
side and precede the vertex as follow the vertex and precede the side. 
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The space duals of the complete plane n-point and the complete plane 
n-line are the complete n-plane on a point and the complete n-line on a 
point respectively. They are the projections from a point, of the plane 
n-line and the plane n-point respectively. 

15. Configurations. The figures defined in the preceding section 
are examples of a more general class of figures of which we will now 
give a general definition. 

Derinition. A figure is called a configuration, if it consists of a 
finite number of points, lines, and planes, with the property that each 
point is on the same number a,, of lines and also on the same num- 
ber a,, of planes; each line is on the same number @,, of points and the 
same number a,, of planes; and each plane is on the same number 4@,, 
of points and the same number @,, of lines. 

A configuration may conveniently be described by a square matrix: 


1 2 3 
point line plane 





In this notation, if we call a point an element of the first kind, a 
line an element of the second kind, and a plane one of the third kind, 
the number a, (i #/) gives the number of elements of the jth kind 
on every element of the 7th kind. The numbers a,,, @,,, 4, give the 
total number of points, lines, and planes respectively. Such a square 
matrix is called the symbol of the configuration. 

A tetrahedron, for example, is a figure consisting of four points, 
six lines, and four planes; on every line of the figure are two points 
of the figure, on every plane are three points, through every point 
pass three lines and also three planes, every plane contains three lines, 
and through every line pass two planes. <A tetrahedron is therefore 
a configuration of the symbol 
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The symmetry shown in this symbol is due to the fact that the figure 
in question is self-dual. A triangle evidently has the symbol 





Since all the numbers referring to planes are of no importance in 
case of a plane figure, they are omitted from the symbol for a plane 
configuration. 

In general, a complete plane n-point is of the symbol 


n—1 4 (nm —1)(m— 2) 
tn(n—1) n—2 


3 En(n atl) (Ue) 





Further examples of configurations are figs. 14 and 15, regarded as 
plane figures. 


EXERCISE 
Prove that the numbers in a configuration symbol must satisfy the condition 
Ay Aj, = AjiAj; (Jy =1, 2, 3) 


16. The Desargues configuration. A very important configuration 
is obtained by taking the plane section of a complete space five-point. 
The five-point is clearly a configuration with the symbol 





and it is clear that the section by a plane not on any of the vertices 
is a configuration whose symbol may be obtained from the one just 
given by removing the first column and the first row. This is due 
to the fact that every line of the space figure gives rise to a point in 
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the plane, and every plane gives rise to a line. The configuration in 
the plane has then the symbol 


10 3 
3 10 


We proceed to study in detail the properties of the configuration just 
obtained. It is known as the configuration of Desargues. 

We may consider the vertices of the complete space five-point as con- 
sisting of the vertices of a triangle A, B, C and of two points O,, O, 





not coplanar with any two vertices of the triangle (fig. 14). The sec- 
tion by a plane @ not passing through any of the vertices will then 
consist of the following : 

A triangle 4,B,C;, the projection of the triangle 4BC from O, on a. 

A triangle 4,8,C,, the projection of the triangle 4 BC from O, on a. 

The trace O of the line O,0,. 

The traces A,, B,, C, of the lines BC, CA, AB respectively. 

The trace of the plane 4BC, which contains the points A,, B,, C,. 

The traces of the three planes 40,0,, BO,O,, CO,O,, which contain 
respectively the triples of points O4,4A,, OB,B,, OC,C,. 

The configuration may then be considered (in ten ways) as consist- 
ing of two triangles 4,B,C, and 4,B,C,, perspective from a point O and 
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having homologous sides meeting in three collinear points 4,, B,, C,. 
These considerations lead to the following fundamental theorem: 

THEOREM 1. THE THEOREM oF DesarGuEs.* Jf two triangles in the 
same plane are perspective from a point, the three pairs of homologous 
sides meet in collinear points; w¢. the triangles are perspective from 
a line. (A, E) 

Proof. Let the two triangles be 4,B,C, and A,B,C, (fig. 14), the 
lines A,A,, B,B,, C,C, meeting in the point O. Let B,A,, B,A, inter- 


12) Le a 
sect in the point C,; A,C,, A,C, in B,; B,C,, B,C,in A,. It is required 
to prove that 4,, B,, C, are collinear. Consider any line through O 
which is not in the plane of the triangles, and denote by O,, O, any 
two distinct points on this line other than O. Since the lines 4,0, 
and A,O, lie in the plane (4,4,, O,0,), they intersect in a point A. 
Similarly, B,O, and B,O, intersect in a point B, and likewise C,O, and 
C,0, in a point C. Thus 4BCO,0,, together with the lines and planes 
determined by them, form a complete five-point in space of which the 
perspective triangles form a part of a plane section. The theorem ° 
is proved by completing the plane section. Since AB lies in a plane 
with A,B,, and also in a plane with A,B,, the lines 4,B,, A,B,, and 


AB meet in C;. So also 4,C,, 4,C,, and AC meet in B,; and B,C,, 
B,C,, and BC meet in A,. Since A,, B,, C, lie in the plane ABC and 
also in the plane of the triangles 4, B,C, and A,B,C,, they are collinear. 

THEOREM 1’. Jf two triangles in the same plane are perspective 
Srom a line, the lines goining pairs of homologous vertices are con- 
current; ve. the triangles are perspective from a point. (A, E) 

This, the converse of Theorem 1, is also its plane dual, and hence 
requires no further proof. 

CoroLuary. Lf two triangles not in the same plane are perspective 
From a point, the pairs of homologous sides intersect in collinear 
points; and conversely. (A, E) 

A more symmetrical and for many purposes more convenient nota- 
tion for the Desargues configuration may be obtained as follows: 
Let the vertices of the space five-point be denoted by #, R, &, R, R 
(fig. 15). The trace of the line RF in the plane section is then 
naturally denoted by R,,— in general, the trace of the line PF by F 
(2, 7 =1, 2,3,4,5,1 #7). Likewise the trace of the plane FEA may 

* Girard Desargues, 1593-1662. 
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be denoted by J,, (i, 7, &=1, 2, 3, 4, 5). This notation makes it pos- 
sible to tell at a glance which lines and points are united. Clearly a 
point is on a line of the configuration if and only if the suffixes of 
the point are both among the suffixes of the line. Also the third 
point on the line joining #, and P, is the point &;; two points are 
on the same line if and only if they have a suffix in common, etc. 


B 
( wr 
1D MISEN 
/ WAN Bs Bis 


P, 





Ct 


Fie. 15 Bs 


EXERCISES 


1. Prove Theorem 1’ without making use of the principle of duality. 

2. If two complete n-points in different planes are perspective from a point, 
the pairs of homologous sides intersect in collinear points. What is the dual 
theorem? What is the corresponding theorem concerning any two plane figures 
in different planes ? 

3. State and prove the converse of the theorems in Ex. 2. 

4. If two complete n-points in the same plane correspond in such a way 
that homologous sides intersect in points of a straight line, the lines joining 
homologous vertices are concurrent; i.e. the two n-points are perspective from 
a point. Dualize. 

5. What is the figure formed by two complete n-points in the same plane 
when they are perspective from a point? Consider particularly the cases n=4 and 
n= 5. Show that the figure corresponding to the general case is a plane section 
of a complete space (n + 2)-point. Give the configuration symbol and dualize. 

6. If three triangles are perspective from the same point, the three axes of 
perspectivity of the three pairs of triangles are concurrent ; and conversely. 
Dualize, and compare the configuration of the dual theorem with the case n = 4 
of Ex. 5 (cf. fig. 15, regarded as a plane figure). 
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17. Perspective tetrahedra. As an application of. the corollary of 
the last theorem we may now derive a theorem in space analogous to 
the theorem of Desargues in the plane. 


THEOREM 2. If two tetrahedra are perspective from a point, the six 
pairs of homologous edges intersect in coplanar points, and the four 
pairs of homologous faces intersect in coplanar lines; i.e. the tetra- 
hedra are perspective from a plane. (A, E) 
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Proof. Let the two tetrahedra be RRRP, and R'R'R'R!, and let 
the lines PP’, RP’, RP’, RFR! meet in the center of perspectivity O. 
Two homologous edges fF and F'F;' then clearly intersect; call the 
point of intersection R.. The points Z,, 4;, A, lie on the same line, 
since the triangles RRR and F'P/F! are perspective from O (The- 
orem 1, Cor.). By similar reasoning applied to the other pairs of 
perspective triangles we find that the following triples of points are 
collinear : 

Fi, is Los; 


28 9 


Te 


12) 


3 


14? 


Japan 


The first two triples have the point #, in common, and hence 
determine a plane; each of the other two triples has a point in 
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common with each of the first two. Hence all the points #, lie in 
the same plane. The lines of the four triples just given are the lines 
of intersection of the pairs of homologous faces of the tetrahedra. 
The theorem is therefore proved. 

TueoreM 2!. If two tetrahedra are perspective from a plane, the 
lines joining pairs of homologous vertices are concurrent, as likewise 
the planes determined by pairs of homologous edges ; ve. the tetrahedra 
are perspective from a point. (A, E) 

This is the space dual and the converse of Theorem 2. 


EXERCISE 
Write the symbols for the configurations of the last two theorems. 


18. The quadrangle-quadrilateral configuration. 


Derinition. A complete plane Derrinition. A complete plane 


four-point is called a complete 
quadrangle. It consists of four 
vertices and six sides. Two sides 
not on the same vertex are called 
opposite. The intersection of two 
opposite sides is called a diag- 
onal point. If the three diagonal 
points are not collinear, the tri- 
angle formed by them is called 
the diagonal triangle of the 


quadrangle.* 


four-line is called a complete 
quadrilateral. It consists of four 
sides and six vertices. 
tices not on the same side are 
called opposite. The line joining 
two opposite vertices is called a 
diagonal line. If the three diag- 


Two ver- 


onal lines are not concurrent, the 
triangle formed by them is called 
the of the 
quadrilateral.* 


diagonal triangle 


The assumptions A and E on which all our reasoning is based do 


not suffice to prove that there are more than three points on any line. 
In fact, they are all satisfied by the triple system (1), p. 3 (ef. fig. 17). 
In a case like this the diagonal points of a complete quadrangle are 
collinear and the diagonal lines of a complete quadrilateral concur- 
rent, as may readily be verified. Two perspective triangles cannot 


exist in such a plane, and hence the Desargues theorem becomes 


* In general, the intersection of two sides of a complete plane n-point which do 
not have a vertex in common is called a diagonal point of the n-point, and the line 
joining two vertices of a complete plane n-line which do not lie on the same side 
is called a diagonal line of the n-line. A complete plane n-point (n-line) then has 
n(n —1)(n — 2)(n —8)/8 diagonal points (lines). Diagonal points and lines are 
sometimes called false vertices and false sides respectively. 
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trivial. Later on we shall add an assumption* which excludes all 
such cases as this, and, in fact, provides for the existence of an in- 
finite number of points on a line. A part of what is contained in 
this assumption is the following: 

AssumPTION H,. The diagonal 
points of a complete quadrangle 
are noncollinear. 

Many of the important theorems 
of geometry, however, require the 
existence of no more than a finite 
number of points. We shall there- 
fore proceed without the use of Fre. 17 
further assumptions than A and E, 
understanding that in order to give our theorems meaning there must 
be postulated the existence of the points specified in their hypotheses. 
In most cases the existence of a sufficient number of points is 
insured by Assumption H,, and the reader who is taking up the 
subject for the first time may well take it as having been added 
to A and E. It is to be used in the solution of problems. 

We return now to a further study of the Desargues configuration. 
A complete space five-point may evidently be regarded (in five ways) 
as a tetrahedron and a complete four-line at a point. A plane section 
of a four-line is a quadrangle and the plane section of a tetrahedron 
is a quadrilateral. It follows that (in five ways) the Desargues con- 
figuration may be regarded as a quadrangle and a quadrilateral. 
Moreover, it is clear that the six sides of the quadrangle pass through 
the six vertices of the quadrilateral. In the notation described on 
page 41 one such quadrangle is f,, ;, 4,, 4; and the corresponding 
quadrilateral is 1,5, loss, loss: lass: 

The question now naturally arises as to placing the figures thus ob- 
tained in special relations. As an application of the theorem of De- 
sargues we will show how to construct f a quadrilateral which has the 
same diagonal triangle as a given quadrangle. We will assume in our 
discussion that the diagonal points of any quadrangle form a triangle. 





* Merely saying that there are more than three points on a line does not insure 
that the diagonal points of a quadrangle are noncollinear. Cases where the diagonal 
points are collinear occur whenever the number of points on a line is 2” + 1. 

+ To construct a figure is to determine its elements in terms of certain given 


elements. 
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Let P, B, RB, B be the vertices of the given complete quadrangle, 
and let D,,, D,,, D,, be the vertices of the diagonal triangle, D,, being 
on the side PB, D,, on the side PR, and D,, on the side FF (fig. 18). 
We observe first that the diagonal triangle is perspective with each of the 
Jour triangles formed by a set of three of the vertices of the quadrangle, 
the center of perspectivity being in each case the fourth vertex. This 
gives rise to four axes of perspectivity (Theorem 1), one corresponding 
to each vertex of the quadrangle.* These four lines clearly form the 


sides of a complete quadrilateral whose diagonal triangle is D,,, D,,, D,,. 





B, D, E 
Fic. 18 


It may readily be verified, by selecting two perspective triangles, 
that the figure just formed is, indeed, a Desargues configuration. This 
special case of the Desargues configuration is called the guadrangle- 
quadrilateral configuration.t 


EXERCISES 


1. If p is the polar of P with regard to the triangle ABC, then P is the 
pole of p with regard to the same triangle ; that is, P is obtained from p by 
a construction dual to that used in deriving p from P. From this theorem it 
follows that the relation between the quadrangle and quadrilateral in this 


* The line thus uniquely associated with a vertex is called the polar of the point 
with respect to the triangle formed by the remaining three vertices. The plane dual 
process leads to a point associated with any line. This point is called the pole of the 
line with respect to the triangle. 

} A further discussion of this configuration and its generalizations will be found 
in the thesis of H. F. McNeish. Some of the results in this paper are indicated in 
the exercises. 
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configuration is mutual; that is, if either is given, the other is determined. 
For a reason which will be evident later, either is called a covariant of the 
other. 

2. Show that the configuration consisting of two perspective tetrahedra, 
their center and plane of perspectivity, and the projectors and traces may be 
regarded in six ways as consisting of a complete 5-point P,,, P13, Py, 1D ed Pos 
and a complete 5-plane my45¢, To45g) Tess¢> 234g? Togas, the notation being 
analogous to that used on page 41 for the Desargues configuration. Show 
that the edges of the 5-plane are on the faces of the 5-point. 

3. If P,, P,, P;, Py, P;, are vertices of a complete space 5-point, the ten 
points D,;, in whichan edge p,;; meets a face P,P;P,, (i, j, k, 1, mall distinct), 
are called diagonal points. The tetrahedra P,P, P,P, and D,,D,,D,,D,, are per- 
spective with P, as center. Their plane of perspectivity, 7,, is called the polar 
of P, with regard to the four vertices. In like manner, the points P,, Pexg Ing P. 
determine their polar planes 7,, 7, 7,4, 7;- Prove that the 5-point and the polar 
5-plane form the configuration of two perspective tetrahedra; that the plane 
section of the 5-point by any of the five planes is a quadrangle-quadrilateral 
configuration ; and that the dual of the above construction applied to the 5-plane 
determines the original 5-point. 

4. If P is the pole of z with regard to the tetrahedron A,A,A,A,, thenis 7 
the polar of P with regard to the same tetrahedron ? 


19. The fundamental theorem on quadrangular sets. 


THEOREM 3. If two complete quadrangles RRRRP and P!R'P!P! 
correspond — PR to P', B to £', ete. —in such a way that five of the 
pairs of homologous sides intersect in points of a line l, then the sixth 
patr of homologous sides will intersect in a point of l. (A, E) 


This theorem holds whether the quadrangles are in the same or 
in different planes. 

Proof. Suppose, first, that none of the vertices or sides of one of 
the quadrangles coincide with any vertex or side of the other. Let 
RP, PP, BE, RR, BF be the five sides which, by hypothesis, 
meet their homologous sides 2’B!, B'R!, F'R', R', BIR’ in points 
of J (fig. 19). We must show that RA and &'F’ meet in a point 
of 7. The triangles RRR and £'R'F! are, by hypothesis, perspec- 
tive from 7; as also the triangles RRP, and F'R'R’. Each pair is 
therefore (Theorem 1’) perspective from a point, and this point is in 
each case the intersection O of the lines RR’ and BB’. Hence the 
triangles BPP and &'R'R! are perspective from O and their pairs 
of homologous sides intersect in the points of a line, which is evi- 
dently J, since it contains two points of . But RA and &' LF’ are 
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two homologous sides of these last two triangles. Hence they inter- 
sect in a point of the line /. 

If a vertex or side of one quadrangle coincides with a vertex or 
side of the other, the proof is made by considering a third quadrangle * 
whose vertices and sides are distinct from those of both of the others, 
and which has five of its sides passing through the five given points 
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of intersection of homologous sides of the two given quadrangles. By 
the argument above, its sixth side will meet the sixth side respectively 
of each of the two given quadrangles in the same point of 7. This 
completes the proof of the theorem. 


Nore 1. It should be noted that the theorem is still valid if the line / con- 
tains one or more of the diagonal points of the quadrangles. The case in which 
/ contains two diagonal points is of particular importance and will be discussed 
in Chap. IV, § 31. 

Nore 2. It is of importance to note in how far the quadrangle Pj Pi P3P{ 
is determined when the quadrangle P,P, P,P, and the line/ are given. It may 
be readily verified that in such a case it is possible to choose any point Pj to 
correspond to any one of the vertices Pj, P,, P3, Py, say P,; and that if m is 
any line of the plane /Py (not passing through Pj) which meets one of the sides, 
say a, of P,P, P,P, (not passing through P,) in a point of J, then m may be 
chosen as the side homologous to a. But then the remainder of the figure is 
uniquely determined. 


* This evidently exists whenever the theorem is not trivially obvious. 
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THEOREM 3. If two complete quadrilaterals a,a,a,4, and alalalal 
correspond — a, to aj, a, to a, etc. —in such a way that five of the lines 
joing homologous vertices pass through a point P, the line joining the 


sixth pair of homologous vertices will also pass through P. (A, E) 


This is the plane dual of Theorem 3 regarded as a plane theorem. 

DeFInITIon. A set of points in which the sides of a complete quad- 
rangle meet a line / is called a quadrangular set of points. 

Any three sides of a quadrangle either form a triangle or meet in 
a vertex; in the former case they are said to form a triangle triple, 
in the latter a point triple of lines. In a quadrangular set of points 
on a line / any three points in which the lines of a triangle triple meet / 
is called a triangle triple of points in the set; three points in which 
the lines of a point triple meet / are called a point triple of points. 
A quadrangular set of points will be denoted by 


Q(ABC, DEP), 


where ABC is a point triple and DEF is a triangle triple, and 
where A and D, B and £, and C and F are respectively the inter- 
sections with the line of the set of the pairs of opposite sides of 
the quadrangle. 

The notion of a quadrangular set is of great importance in much 
that follows. It should be noted again in this connection that one 
or two * of the pairs A, D or B, EH or C, # may consist of coincident 
points; this occurs when the line of the set passes through one or 
two of the diagonal points.t 

We have just seen (Theorem 3) that if we have a quadrangular 
set of points obtained from a given quadrangle, there exist other 
quadrangles that give rise to the same quadrangular set. In the 
quadrangles mentioned in Theorem 3 there corresponded to every 
triangle triple of one a triangle triple of the other. 

DEFINITION. When two quadrangles giving rise to the same 
quadrangular set are so related with reference to the set that to a 
triangle triple of one corresponds a triangle triple of the other, the 


* Allthree may consist of coincident points in a space in which the diagonal points 
of a complete quadrangle are collinear. 

+ It should be kept in mind that similar remarks and a similar definition may be 
made to the effect that the lines joining the vertices of a quadrilateral to a point P 
form a quadrangular set of lines, etc. (cf. § 30, Chap. IV). 
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quadrangles are said to be similarly placed (fig. 20); if a point triple 
of one corresponds to a triangle triple of the other, they are said to 
be oppositely placed (fig. 21). 

It will be shown later (Chap. IV) that quadrangles oppositely 
placed with respect to a quadrangular set are indeed possible. 





Fia. 21 


With the notation for quadrangular sets defined above, the last 
theorem leads to the following 

Coro“Lary. [fall but one of the points of a quadrangular set Q (ABC, 
DEF) are given, the remaining one is wniquely determined. (A, E) 

For two quadrangles giving rise to the same quadrangular set 
with the same notation must be similarly placed, and must hence 
be in correspondence as described in the theorem. 
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The quadrangular set which is the section by a 1-space of a complete 4-point 
in a 2-space, the Desargues configuration which is the section by a 2-space of 
a complete 5-point in a 3-space, the configuration of two perspective tetra- 
hedra which may be considered as the section by a 3-space of a complete 6-point 
in a 4-space are all special cases of the section by an n-space of a complete 
(n + 3)-point in an (n +1)-space. The theorems which we have developed for 
the three cases here considered are not wholly parallel. The reader will find 
it an entertaining and far from trivial exercise to develop the analogy in full. 


EXERCISES 


1. A necessary and sufficient condition that three lines containing the ver- 
tices of a triangle shall be concurrent is that their intersections P, Q, R with 
a line/ form, with intersections E, I’, G of corresponding sides of the triangle 
with /, a quadrangular set Q(PQR, EFG). 

2. Ifon a given transversal line two quadrangles determine the same quad- 
rangular set and are similarly placed, their diagonal triangles are perspective 
from the center of perspectivity of the two quadrangles. 

3. The polars of a point P on a line J with regard to all triangles which 
meet / in three fixed points pass through a common point P’ on l. 

4. Ina plane z let there be given a quadrilateral a,, a,, a;, a, and a point O 
not on any of these lines. Let A,, A,, A,, A, be any tetrahedron whose four 
faces pass through the lines a,, a,, a,, a, respectively. The polar planes of O 
with respect to all such tetrahedra pass through the same line of z. 


20. Additional remarks concerning the Desargues configuration. 
The ten edges of a complete space five-point may be regarded (in 
six ways) as the edges of two simple space five-points. Two such 
five-points are, for example, RR RAA and RRR. Corresponding 
thereto, the Desargues configuration may be regarded in six ways 
as a pair of simple plane pentagons (five-points). In our previous 
notation the two corresponding to the two simple space five-points 
quest given.are £.FF,F. h, and f22.A, iyi, “very vertex. of each 
of these pentagons is on a side of the other. 

Every point, #, for instance, has associated with it a unique line 
of the configuration, viz. /,,,in the example given, whose notation 
does not contain the suffixes occurring in the’ notation of the point. 
The line may be called the polar of the point in the configuration, 
and the point the pole of the line. It is then readily seen that the 
polar of any point is the axis of perspectivity of two triangles 
whose center of perspectivity is the point. In case we regard the 
configuration as consisting of a complete quadrangle and complete 
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quadrilateral, it is found that a pole and polar are homologous vertex 
and side of the quadrilateral and quadrangle. If we consider the 
configuration as consisting of two simple pentagons, a pole and polar 
are a vertex and its opposite side, eg. F, and #, F,. 

The Desargues configuration is one of a class of configurations 
having similar properties. These configurations have been studied 
by a number of writers.* Some of the theorems contained in these 
memoirs appear in the exercises below. 


EXERCISES 


In discussing these exercises the existence should be assumed of a sufficient number 
of points on each line so that the figures in question do not degenerate. In some cases 
it may also be assumed that the diagonal points of a complete quadrangle are not 
collinear. Without these assumptions our theorems are true, indeed, but trivial. 

1. What is the peculiarity of the Desargues configuration obtained as the 
section of a complete space five-point by a plane which contains the point of 
intersection of an edge of the five-point with the face not containing this edge? 
also by a plane containing two or three such points? 

2. Given a simple pentagon in a plane, construct another pentagon in the 
same plane, whose vertices lie on the sides of the first and whose sides con- 
tain the vertices of the first (cf. p. 51). Is the second uniquely determined 
when the first and one side of the second are given? 

3. If two sets of three points A, B, C and A’, B’, C’ on two coplanar lines 
l and /’ respectively are so related that the lines A A’, BB’, CC’ are concurrent, 
then the points of intersection of the pairs of lines A B’ and BA’, BC’ and CB’, 
CA’ and AC” are collinear with the point ll’. The line thus determined is called 
the polar of the point (4 A’, BB’) with respect to 7 andl’. Dualize. 

4. Using the theorem of Ex. 3, give a construction for a line joining any 
given point in the plane of two lines /, /’ to the point of intersection of J, I’ 
without making use of the latter point. 

5. Using the definition in Ex. 3, show that if the point P’ is on the polar p 
of a point P with respect to two lines J, l’, then the point P is on the polar p’ 
of P’ with respect to J, 1’. 

6. If the vertices A,, A,, A, A, of a simple plane quadrangle are respec- 
tively on the sides a,, a,, a;, a, of a simple plane quadrilateral, and if the inter- 
section of the pair of opposite sides A,A,, 4,4, is on the line joining the pair 
of opposite points a,a,, a,a,, the remaining pair of opposite sides of the quad- 
rangle will meet on the line joining the remaining pair of opposite vertices of 
the quadrilateral. Dualize. 


* A. Cayley, Collected Works, Vol. I (1846), p. 317. G. Veronese, Mathema- 
tische Annalen, Vol. XIX (1882). Further references will be found in a paper by 
W.B. Carver, Transactions of the American Mathematical Society, Vol. VI (1905), 
p. 534. 
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7. If two complete plane n-points A,, A,,--+-, A, and Aj, Aj, +++, Aare 
so related that the side A,A, and the remaining 2 (n — 2) sides passing through 
A, and A, meet the corresponding sides of the other n-point in points of a line J, 
the remaining pairs of homologous sides of the two n-points meet on / and the 
two n-points are perspective from a point. Dualize. 

8. If five sides of a complete quadrangle A,4,A,A, pass through five 
vertices of a complete quadrilateral a,a,a,a, in such a way that A,A, is on 
a,a,, A, A, on a,a,, etc., then the sixth side of the quadrangle passes through 
the sixth vertex of the quadrilateral. Dualize. 

9. If oneach of three concurrent lines a, 6, c two points are given, — A,, A, 
on a; B,, B, on b; C,, C, on c, —there can be formed four pairs of triangles 
A,B,C; (i, 7, k =1, 2) and the pairs of corresponding sides meet in six points 
which are the vertices of a complete quadrilateral (Veronese, Atti dei Lincei, 
1876-1877, p. 649). 

10. With nine points situated in sets of three on three concurrent lines 
are formed 36 sets of three perspective triangles. For each set of three dis- 
tinct triangles the axes of perspectivity meet in a point; and the 36 points 
thus obtained from the 36 sets of triangles lie in sets of four on 27 lines, 


giving a configuration . (Veronese, loc. cit.). 


11. A plane section of a 6-point in space can be considered as 3 triangles 
perspective in pairs from 3 collinear points with corresponding sides meeting 
in 3 collinear points. 

12. A plane section of a 6-point in space can be considered as 2 perspective 
complete quadrangles with corresponding sides meeting in the vertices of a 


complete quadrilateral. C s 
13. A plane section of ann-pointin space gives the configuration * ee 
n~3 


which may be considered (in ,C,,_, ways) asa set of (n —k) k-points perspective 





14. A plane section of a 7-point in space can be considered (in 120 ways) 
as composed of three simple heptagons (7-points) cyclically circumscribing 
each other. 


15. A plane section of an 11-point in space can be considered (in |9 ways) 
as composed of five 11-points cyclically circumscribing each other. 
16. A plane section of an n-point in space for n prime can be considered 
n—1 





(in |n — 2 ways) as simple n-points cyclically circumscribing each other. 


* The symbol ,C; is used to denote the number of combinations of n things 
taken r at a time. 
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17. A plane section of a 6-point in space gives (in six ways) a 5-point whose 


10 3 


sides pass through the points of a configuration ‘ 


18. A plane section of an n-point in space gives a complete (n — 1)-point 


whose sides pass through the points of a configuration 





* 19. The n-space section of an m-point (m2n + 2) inan (n + 1)-space can be 
considered in the n-space as (m—k) k-points (in,,C’,, _ , WayS) perspective in pairs 
from the vertices of the n-space section of one (m — k)-point; the r-spaces of 
the k-point figures meet in (r — 1)-spaces (r = 1, 2, ---, n —1) which form the 
n-space section of a k-point. 

* 20. The figure of two perspective (n + 1)-points in an n-space separates 
(in n+ 3 ways) into two dual figures, respectively an (n + 2)-point cireum- 
scribing the figure of (n + 2) (n —1)-spaces. 

*21. The section by a 3-space of an n-point in 4-space is a configuration 





The plane section of this configuration is 


HOR TS 
SR IN 

22. Let there be three points on each of two concurrent lines /,, /,. The 
nine lines joining points of one set of three to points of the other determine 
six triangles whose vertices are not on /, or /,. The point of intersection of l, 
and /, has the same polar with regard to all six of these triangles. 

23. If two triangles are perspective, then are perspective also the two 
triangles whose vertices are points of intersection of each side of the given 
triangles with a line joining a fixed point of the axis of perspectivity to the 
opposite vertex. 

*24. Show that the configuration of the two perspective tetrahedra of 
Theorem 2 can be obtained as the section by a 8-space of a complete 6-point 
in a 4-space. 

* 25. If two 5-points in a 4-space are perspective from a point, the corre- 
sponding edges meet in the vertices, the corresponding plane faces meet in the 
lines, and the corresponding 3-space faces in the planes of a complete 5-plane 
in a 3-space. 

* 26. If two (mn +1)-points in an n-space are perspective from a point, 
their corresponding r-spaces meet in (r—1)-spaces which lie in the same 
(n —1)-space (r=1, 2+++:,n—1) and form a complete configuration of 
(n +1) (n — 2)-spaces in (mn — 1)-space. 


CHAPTER III 


PROJECTIVITIES OF THE PRIMITIVE GEOMETRIC FORMS OF 
ONE, TWO, AND THREE DIMENSIONS 


21. The nine primitive geometric forms. 


DEFINITION. A pencil of points 
or a range is the figure formed by 
the set of all points on the same 
line. The line is called the asis 
of the pencil. 


DEFINITION. A pencil of planes 
or an axial pencil * is the figure 
formed by the set of all planes on 
the same line. The line is called 
the axis of the pencil. 


As indicated, the pencil of points is the space dual of the pencil 


of planes. 


DEFINITION. A pencil of lines or a flat pencil is the figure formed 
by the set of all lines which are at once on the same point and the 
same plane; the point is called the vertex or center of the pencil. 

The pencil of lines is clearly self-dual in space, while it is the 
plane dual of the pencil of points. The pencil of points, the pencil 
of lines, and the pencil of planes are called the primitive geometric 
Sorms of the first grade or of one dimension. 

Derinition. The following are known as the primitive geometric 
forms of the second grade or of two dimensions : 


The set of all points on a plane 
is called a plane of points. The 
set of all lines on a plane is called 
a plane of lines. The plane is 
called the base of the two forms. 
The figure composed of a plane 
of points and a plane of lines 
with the same base is called a 
planar field. 


The set of all planes on a point 
is called a bundle of planes. The 
set of all lines on a point is called 
a bundle of lines. The point is 
called the center of the bundles. 
The figure composed of a bundle 
of lines and a bundle of planes 
with the same center is called 
simply a bundle, 


DEFINITION. The set of all planes in space and the set of all points 
in space are called the primitive geometric forms of the third grade 


‘or of three dimensions. 


* The pencil of planes is also called by some writers a sheaf. 


56 PRIMITIVE GEOMETRIC FORMS [Cuap. III 


There are then, all told, nine primitive geometric forms in a space 
of three dimensions.* 

22. Perspectivity and projectivity. In Chap. II, § 13, we gave a 
definition of perspectivity. This definition we will now apply to the 
case of two primitive forms and will complete it where needed. We 
note first that, according to the definition referred to, two pencils of 
points in the same plane are perspective provided every two homol- 
ogous points of the pencils are on a line of a flat pencil, for they 
then have the same projection from a point. Two planes of points 
(lines) are perspective, if every two homologous elements are on a 
line (plane) of a bundle of lines (planes). Two pencils of lines in the 
same plane are perspective, if every two homologous lines intersect 
in a point of the same pencil of points. Two pencils of planes are 
perspective, if every two homologous planes are on a point of a pencil 
of points (they then have the same section by a line). Two bundles of 
lines (planes) are perspective, if every two homologous lines (planes) 
are on a point (line) of a plane of points (lines) (they then have the 
same section by a plane), etc. Our previous definition does not, how- 
ever, cover all possible cases. In the first place, it does not allow for 
the possibility of two forms of different kinds being perspective, such 
as a pencil of points and a pencil of lines, a plane of points and a 
bundle of lines, etc. This lack of completeness is removed for the 
case of one-dimensional forms by the following definition. It should 
be clearly noted that it is in complete agreement with the previous 
definition of perspectivity ; as far as one-dimensional forms are con- 
cerned it is wider in its application. 

DEFINITION. Two one-dimensional primitive forms of different kinds, 
not having a common axis, are perspective, if and only if they corre- 
spond in such a (1, 1) way that each element of one is on its homol- 
ogous element in the other; two one-dimensional primitive forms of 
the same kind are perspective, if and only if every two homologous 
elements are on an element of a third one-dimensional form not 
having an axis in common with one of the given forms. If the third 
form is a pencil of lines with vertex P, the perspectivity is said to be 


* Some writers enumerate only six, by defining the set of all points and lines on 
a plane as a single form, and by regarding the set of all planes and lines at a point 
and the set of all points and planes in space each as a single form. We have fol- 
lowed the usage of Enriques, Vorlesungen tiber Projektive Geometrie. 
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central with center P; if the third form is a pencil of points or a pencil 
of planes with axis /, the perspectivity is said to be axial with axis /. 

As examples of this definition we mention the following: Two 
pencils of points on skew lines are perspective, if every two homol- 
ogous elements are on a plane of a pencil of planes; two pencils of 
lines in different planes are perspective, if every two homologous 
lines are on a point of a pencil of points or a plane of a pencil of 
planes (either of the latter conditions is a consequence of the other); 
two pencils of planes are perspective, if every two homologous planes 
are on a point of a pencil of points or a line of a pencil of lines (in 
the latter case the axes of the pencils of planes are coplanar). A pen- 
cil of points and a pencil of lines are perspective, if every point is on 
its homologous line, etc. 

It is of great importance to note that our definitions of perspective 
primitive forms are dual throughout; ie. that if two forms are per- 
spective, the dual figure will consist of perspective forms. Hence any 
theorem proved concerning perspectivities can at once be dualized ; in 
particular, any theorem concerning the perspectivity of two forms of 
the same kind is true of any other two forms of the same kind. 

We use the notation [P] to denote a class of elements of any kind 
and denote individuals of the class by P alone or with an index or 
subscript. Thus two ranges of points may be denoted by [P] and [Q]. 
To indicate a perspective correspondence between them we write 


[P] = [¢]- 


The same symbol, <, is also used to indicate a perspectivity between 
any two one-dimensional forms. If the two forms are of the same 
kind, it implies that there exists a third form such that every pair 
of homologous elements of the first two forms is on an element of 
the third form. The third form may also be exhibited in the notation 
by placing a symbol representing the third form immediately over 
the sign of perspectivity, 7. 
Thus the symbols 


A a 
[PIS (=f) S65] 


denote that the range [P] is perspective by means of the center 4 with 
the range [Q], that each @ is on a line r of the flat pencil [7], and 
that the pencil [7] is perspective by the axis @ with the flat pencil [s]. 
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A class of elements containing a finite number of elements can 
be indicated by the symbols for the several elements. When this 
notation is used, the symbol of perspectivity indicates that elements 
appearing in corresponding places in the two sequences of symbols 


are homologous. ‘Thus 
1234-ABCD 


implies that 1 and A, 2 and B, 3 and C, 4 and D are homologous. 

DEFINITION.* Two one-dimensional primitive forms [o] and [o’] (of 
the same or different kinds) are said to be projective, provided there 
exists a sequence of forms [tr], [7’], ---, [7] such that 


[olf =[r'le--- =r] =[o'} 


The correspondence thus established between [oc] and [a’] is called 
a projective correspondence or projectivity, or also a projective trans- 
formation. Any element o is said to be projected into its homologous 
element a! by the sequence of perspectivities. 

Thus a projectivity is the resultant of a sequence of perspectivities. 
It is evident that [oc] and [o’] may be the same form, in which case 
the projectivity effects a permutation of the elements of the form. 
For example, it is proved later in this chapter that any four points 
A, B, C, D of a line can be projected into B, A, D, C respectively. 

A projectivity establishes a one-to-one correspondence between the 
elements of two one-dimensional forms, which correspondence we may 








consider abstractly without direct reference to the sequence of perspec- 
tivities by which it is defined. Such a correspondence we denote by 


[7] 9 [o']. 


Projectivities we will, in general, denote by letters of the Greek 
alphabet, such as 7. If a projectivity 7 makes an element o of a 
form homologous with an element o’ of another or the same form, 
we will sometimes denote this by the relation +(¢)=o'. In this 
case we may say the projectivity transforms o into o'. Here the 
symbol a() is used as a functional symbol} acting on the variable $ 
o, which represents any one of the elements of a given form. 

* This is Poncelet’s definition of a projectivity. 

} Just like F(a), sin (x), log (x), etc. 


{ The definition of variable is ‘‘a symbol « which represents any one of a class 
of elements [x].’’ It is in this sense that we speak of ‘a variable point.” 
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23. The projectivity of one-dimensional primitive forms. The 
projectivity of one-dimensional primitive forms will be discussed 
with reference to the projectivity of pencils of points. The corre- 
sponding properties for the other one-dimensional primitive forms 
will then follow immediately by the theorems of duality (Theorems 
11-13, Chap. I). 

THEOREM 1. Jf A, B, C are three points of a line | and A’, B', C' 
three points of another line l', then A can be projected into A', B into 
B', and C into C' by means of two centers of perspectivity. (The lines 
may be in the same or in different planes.) (A, E) 


Proof. If the points in any one of the pairs 44’, BB’, or CC’ are 
coincident, one center is sufficient, viz., the intersection of the lines 
determined by the other 
two pairs. If each of these 
pairs consists of distinct 
points, let S be any point 
of the line AA’, distinct 
from A and 4’ (fig. 22). 
From S project A, B, C 
on any line J" distinct 
from 7 and J’, but con- 
taining 4’ and a point 
OL belts BC! are. thé 
points of J” correspond- 
ing to B, C respectively, 
the point of intersection S’ of the lines B’B" and C'C" is the second 
center of perspectivity. This argument holds without modification, 
if one of the points A, B, C coincides with one of the points 4’, B’, C’ 
other than its corresponding point. 


CoroLuary 1. Jf A, B, C and A’, B', C’ are on the same line, three 
centers of perspectivity are sufficient to project A, B, C into A', B', C" 





respectively. (A, E) 

CorOLLARY 2. Any three distinct elements of a one-dimensional 
primitive form are projective with any three distinct elements of 
another or the same one-dimensional primitive form. (A, E) 


For, when the two forms are of the same kind, the result is ob- 
tained from the theorem and the first corollary directly from the 
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theorems of duality (Theorems 11-13, Chap. I). If they are of differ- 
ent kinds, a projection or section is sufficient to reduce them to the 
same kind. 

TuEorEM 2. The projectivity ABCD BADC holds for any four 
distinct points A, B, C, D of a line. (A, E) 


Proof. From a point S, not on the line / = AB, project ABCD into 
AB'C'D!' on a line l' through A and distinct from / (fig. 23). From D 
project 4B'C'D' on the line SB. The last four points will then project 
into BADC by means of the center C’. In fig. 23 we have 


1 


S D 
ABCD i AB'C'D' = BRO S— BADC. 


It is to be noted that a geometrical order of the points A BCD has no bearing 
on the theorem. In fact, the notion of such order has not yet been introduced 
into our geometry and, indeed, cannot 
be introduced on the basis of the 
present assumptions alone. The theo- 
rem merely states that the correspond- 
ence obtained by interchanging any two 
of four collinear points and also inter- 
changing the remaining two is projective. 
The notion of order is, however, im- 
plied in our notation of projectivity 
and perspectivity. Thus, for example, 
we introduce the following definition : 





Picw 2s 


DEFINITION. Two ordered pairs of elements of any one-dimensional 
form are called a throw; if the pairs are 4B, CD, this is denoted by 
T(AB, CD). Two throws are said to be equal, provided they are 
projective ; in symbols, T(4B, CD) = T(A'B’, C'D’), provided we have 
ABCD x A'B'C'D!. 


The last theorem then states the equality of throws: 
T(AB, CD) =T(BA, DC)=T(CD, AB) =T (DG, BA). 


The results of the last two theorems may be stated in the follow- 
ing form: 


THrorEM 1’. Jf 1, 2, 3 are elements of any one-dimensional prim- 
ative form, there ewist projective transformations which will effect any 
one of the six permutations of these three elements. 
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THEOREM 2'. If 1, 2,3, 4 are any four distinct elements of a one- 
dimensional primitive form, there exist projective transformations 
which will transform 1234 into any one of the following permuta- 
tions of itself: 1234, 2143, 3412, 4821. 

A projective transformation has been defined as the resultant of any 
sequence of perspectivities. We proceed now to the proof of a chain 
of theorems, which lead to the fundamental result that any projective 
transformation between two distinct one-dimensional primitive forms 
of the same kind can be obtained as the resultant of two perspectivities. 


THEOREM 3. If [P], [P'], [P"] are pencils of points on three distinct 
Ss ! 
concurrent lines l, l', 1" respectively, such that [P] = [P'] and [P’] 
" 


S 
[P"], then likewise [P] == [P"], and the three centers of perspectivity 
S, S'S" are collinear, (A, E) 


x 





Proof. Let O be the common point of the lines /,1/,/". If R, B, B 
are three points of [P], and R’'R'R! and Ff" FF" the corresponding 
points of [P’], [P”] (fig. 24), it is clear that the triangles RA'R", 
RP'R", REF" are perspective from 0.* By Desargues’s theorem 
(Theorem 1, Chap. IT) homologous sides of any pair of these three 
triangles meet in collinear points. The conclusion of the theorem then 
follows readily from the hypotheses. 


* If the points in each of these sets of three are collinear, the theorem is obvious 
and the three centers of perspec ‘ivity coincide. 
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Corotuary. If n concurrent lines 1,, 1, 1,,-+++,1, are connected by 


aye Si Sos Sy Seaue eel es: 
perspectivities [F | = way 3 [Fy] Seg are [PR], and of 1, and l, 


are distinct lines, then we have | F] * [RB]. (A, E) 








Proof. This follows almost immediately from the theorem, except 
when it happens that a set of four successive lines of the set /,/,/, - + - /, 
are such that the first and third coincide and likewise the second and 
fourth. That this case forms no exception to the corollary may be 
shown as follows: Consider the perspectivities connecting the pencils 
of points on the lines J,, /,, 7,, 7, on the hypothesis that /,=/,, /,=1, 


Te <a “a9 8? “2 
(fig. 25.) Let J,, 7, meet in O, and let the line S,,S,, meet /, in A,, 


1 2 


S, 





and /, in A,; let 4,= A, and A, be the corresponding points of /, and 
i, respectively. Further, let B,, B,, B,, B, and C,, C,, C,, C, be any 
other two sequences of corresponding points in the perspectivities. 
Let S,, be determined as the intersection of the lines 4,4, and B,B,. 
The two quadrangles S,,S,,B,C, and S,,S,,B,C, have five pairs of 
homologous sides meeting /,=/, in the points 04,B,B,C,. Hence 


the side S,,C, meets 7, in C, (Theorem 3, Chap. II). 
TuHEorREM 4, Jf [Ff], [RB], [P] are pencils of points on distinct 
S S : 
lines l,, l,, l respectively, such that [R] = [P] = [4], and if [P’] ts 
the pencil of points on any line l' containing the intersection of L,, l 


and also a point of l,, but not containing S,, then there exists a point 


Si S, 
Si on S,S,, such that [RP] = Pen = [RB]. (A, E) 
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Proof. Clearly we have 
Beas yay eo 
LAS [PIS [P'1= (4). 


But by the preceding theorem and the conditions on J’ we have 
! 


S 
[4] = [P’], where S{ is a point of S,S, Hence we have 


Se Res: 
Alte a) 


This theorem leads readily to the next theorem, which is the result 
toward which we have been working. We prove first the following 
lemmas : 

LemMMA 1. Any axial perspectivity between the points of two skew 
lines is equivalent to (and may be replaced by) two central perspectivities. 
(A, E) 

For let [P], [P’] be the pencils of points on the skew lines. Then 
if S and S' are any two points on the axis s of the axial perspectivity, 
the pencils of lines S[P], S'[P’]* are so related that pairs of homol- 
ogous lines intersect in points of the line common to the planes of the 
two pencils S[P] and S'[P’], since each pair of homologous lines lie, 
by hypothesis, in a plane of the axial pencil s[P]=s[P’]. 

Lemma 2. Any projectivity between pencils of points may be defined 
by a sequence of central perspectivities. 

* For any noncentral perspectivities occurring in the sequence defining 
a projectivity may, in consequence of Lemma 1, be replaced by sequences 
of central perspectivities. 

THEOREM 5. Jf two pencils of points [P] and [P'] on distinct lines 
are projective, there exists a pencil of points [Q] and two points S, S' 


So hc 
such that we have [P] i [2] - [Pi CA, EB) 


Proof. By hypothesis and the two preceding lemmas we have a 
sequence of perspectivities 








RS ees, lS amt, ee 

* Given a class of elements [P]; the symbol S[P] is used to denote the class 

of elements SP determined by a given element S and any element of [P]. Hence, 

if [P] is a pencil of points and S a point not in [P], S[P] is a pencil of lines with 
center S; if s is a line not on any P, s[P] is a pencil of planes with axis s, 
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We assume the number of these perspectivities to be greater than two, 
since otherwise the theorem is proved. By applying the corollary of 
Theorem 3, when necessary, this sequence of perspectivities may be 
so modified that no three successive axes are concurrent. We may 
also assume that no two of the axes J, J,, J,, 1,,---, l/ of the pencils 
[P], [8], (2), (2],--- [Pare coincident; for Theorem 4 may evidently 
be used to replace any /,(=J,) by a line U/(#1,). Now let U, be the 
line joining the points J/, and /,J,, and let us suppose that it does not 
contain the center S, (fig. 26). If then [R’] is the pencil of points 
on l!, we may (by Theorem 4) replace the given sequence of per- 








ree St or Se poy 58 poy : 
spectivities by [P] i Pee | = Pe 5 [FB] eee and this sequence 
may in turn be replaced by 
! 


Si S3 S, 

(2) == aes alee 
(Theorem 3). If S, is on the line 
joining //, and /,/,, we may replace 
1, by any line Z)’ through the inter- 
section of /,/, which meets 7 and 

Fic. 26 does not contain the point S, (The- 

orem 4). The line joining J,/, to 

Il/ does not contain the point S!/ which replaces S,. For, since S, is 
on the line joining /,/, to Jl,, the points /7,/, and Jl, are homologous 
points of the pencils [P,] and [P]; and if S{/ were on the line joitt- 
ing J,1, to lll’, the point 7,7, would also be homologous to J//’. We 
may then proceed as before. By repeated application of this process 
we can reduce the number of perspectivities one by one, until finally 


we obtain the pencil of points [Q] and the perspectivities 


S S' 
Paracies est) 


As a consequence we have the important theorem : 











THEOREM 6. Any two projective pencils of points on skew lines are 
axially perspective. (A, E) 

Proof. The axis of the perspectivity is the line SS’ of the last 
theorem. 

24. General theory of correspondence. Symbolic treatment. In 
preparation for a more detailed study of projective (and other) corre- 
spondences, we will now develop certain general ideas applicable to 
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all one-to-one reciprocal correspondences as defined in Chap. II, § 13, 
p. 35, and show in particular how these ideas may be conveniently 
represented in symbolic form.* As previously indicated (p. 58), we 
will represent such correspondences in general by the letters of the 
Greek alphabet, as A, B, T,---. The totality of elements affected 
by the correspondences under consideration forms a system which we 
may denote by S. If, asa result of replacing every element of a system 
S, by the element homologous to it in a correspondence A, the sys- 
tem S, is transformed into a system S,, we express this by the relation 
A(S,)=S,. In particular, the element homologous with a given ele- 
ment P is represented by A (P). 

I. If two correspondences A, B are applied successively to a sys- 
tem S,, so that we have A(S,)=S, and B(S,)=S,, the single corre- 
spondence I’ which transforms S, into S, is called the resultant or 
product of A by B; in symbols S,= B(S,) = B(A(S,)) = BA (S,), or, 
more briefly, BA=I’. Similarly, for a succession of more than two 


correspondences. 
II. Two successions of correspondences A,,A,,_, --- A, and 
B,B,_,--- B, have the same resultant, or their products are equal, 


provided they transform S into the same S’; in symbols, from the 
relation 
A,An > Ay) = BB, = BC) 


m ~m—1 


follows ANAM oe As = BeBe ta B. 


III. The correspondence which makes every element of the sys- 
tem correspond to itself is called the ¢dentical correspondence or simply 
the identity, and is denoted by the symbol 1. It is then readily seen 
that for any correspondence A we have the relations 


od == AA: 


IV. Ifa correspondence A transforms a system S, into S,, the corre- 
spondence which transforms S, into S, is called the inverse of A and is 
represented by A~?; ie. if we have A (S,) =S,, then also A~*(S,)=S,. 
The inverse of the inverse of A is then clearly A, and we evidently 


have also the relations 
AA!=A7A =1. 


* In this section we have followed to a considerable extent the treatment given 
by H. Wiener, Berichte der K. sachsischen Gesellschaft der Wissenschaften, Leipzig, 
Vol. XLII (1890), pp. 249-252. 
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Conversely, if A, A’ are two correspondences such that we have 
AA’ =1, then A’ is the inverse of A. Evidently the identity is its 
own inverse. 

V. The product of three correspondences A, B, VT always satisfies 
the relation (('B) A =IT(BA) (the associative law). For from the 
relations A(S,)=S,, B(S,)=S,, ['(S,)=S, follows at once BA(S,)=S,, 
whence I'(BA) (S,) =S,; and also PB(S,) = S,, and hence (IB) A (S,) 
= S,, which proves the relation in question. More generally, in any 
product of correspondences any set of successive correspondences may 
be inclosed in parentheses (provided their order be left unchanged), 
or any pair of parentheses may be removed; in other words, in a 
product of correspondences any set of successive correspondences may 
be replaced by their resultant, or any correspondence may be replaced 
by a succession of which the given correspondence is the resultant. 

VI. In particular, we may conclude from the above that the inverse 
of the product M --- BA is A~*B~* --- M7, since we evidently have 
the relation M --- BAA~?B-? .-- M~*=11 (ef. IV). 

VIL. Further, it is easy to show that from two relations A = B and 
T=A follows AT =BA and TA=AB. In particular, the relation 
A =B may also be written AB~-?=1, B~-'A =1, BA™*=1, or A“*B=1. 

VIII. Two correspondences A and B are said to be commutative 
if they satisfy the relation BA = AB. 

IX. If a correspondence A is repeated » times, the resultant is writ- 
ten AAA .-- =A” A correspondence A is said to be of period n, if n 
is the smallest positive integer for which the relation A" = 1 is satisfied. 
When no such integer exists, the correspondence has no period ; when 
it does exist, the correspondence is said to be periodic or cyclic. 

X. The case n= 2 is of particular importance. A correspondence 
of period two is called involutoric or reflexive. 

25. The notion of a group. At this point it seems desirable to 
introduce the notion of a group of correspondences, which is funda- 
mental in any system of geometry. We will give the general abstract 
definition of a group as follows: * 

Derrinition. A class G of elements, which we denote by a, 8, 
c,+++, 18 said to form a growp with respect to an operation or law of 

* We have used here substantially the definition of a group given by L. E. Dickson, 


Definitions of a Group and a Field by Independent Postulates, Transactions of the 
American Mathematical Society, Vol. VI (1905), p. 199, 
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combination o, acting on pairs of elements of G, provided the fol- 
lowing postulates are satisfied : 


G1. For every pair of (equal or distinct) elements a, b of G, the 
result aob of acting with the operation o on the pair in the order 
gwen * is a uniquely determined element of G. 

G2. The relation (4 0b)o¢ =ao0(b0e) holds for any three (equal or 
distinct) elements a, b, ¢ of G. 

G3. There occurs in G an element 7, such that the relation aot=a 
holds for every element a of G. 

G4. For every element a in G there exists an element a! satisfying 
the relation aoa! = %. 


From the above set of postulates follow, as theorems, the following: 

The relations aca'=iandaot=a imply respectively the relations 
aoa=tandioa=a, 

An element 7 of G is called an ddentity element, and an element a! 
satisfying the relation ao a'=17 is called an inverse element of a. 

There is only one identity element in G. 

For every element a of G there is only one inverse. 

We omit the proofs of these theorems. 

DEFINITION. A group which satisfies further the following postulate 
is said to be-commutative (or abelian): 


G5. The relatoon aob=boa is satisfied for every pair of ele- 


ments a, b in G. 


26. Groups of correspondences. Invariant elements and figures. 
The developments of the last two sections lead now immediately 
to the theorem: 

A set of correspondences forms a group provided the set contains 
the inverse of any correspondence in the set and provided the resultant 
of any two correspondences is in the set. 

Here the law of combination o of the preceding section is simply 
the formation of the resultant of two successive correspondences. 

DerInition. If a correspondence A transforms every element of a 
given figure F into an element of the same figure, the figure F is said 
to be invariant under A, or to be left invariant by A. In particular, 


* T.e.aob and boa are not necessarily identical. The operation o simply defines 
‘a correspondence, whereby to every pair of elements a, bin Gin a given order corre- 
sponds a unique element; this element is denoted by aob. 
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an element which is transformed into itself by A is said to be an 
invariant element of A; the latter is also sometimes called a double 
element or a fived element (point, line, plane, etc.). 

We now call attention to the following general principle: 

The set of all correspondences in a group G which leave a given 
Jigure invariant forms a group. 

This follows at once from the fact that if each of two corre- 
spondences of G leaves the figure invariant, their product and their 
inverses will likewise leave it invariant; and these are all in G, since, 
by hypothesis, Gis a group. It may happen, of course, that a group 
defined in this way consists of the identity only. 

These notions are illustrated in the following section : 

27. Group properties of projectivities. From the definition of a pro- 
jectivity between one-dimensional forms follows at once 

THEOREM 7. The inverse of any projectivity and the resultant of 
any two projectivities are projectivities. 

On the other hand, we notice that the resultant of two perspec- 
tivities is not, in general, a perspectivity ; if, however, two perspec- 
tivities connect three concurrent lines, as in Theorem 3, their resultant 
is a perspectivity. A perspectivity is its own inverse, and is therefore 
reflexive. As an example of the general principle of § 26, we have 
the important result : 

THEOREM 8. The set of all projectivities leaving a given pencil of 
points invariant form a group. 

Jf the number of points in such a pencil is unlimited, this group con- 
tains an unlimited number of projectivities. It is called the general 
projective group on the line. Likewise, the set of all projectivities on a 
line leaving the figure formed by three distinct points invariant forms a 
subgroup of the general group on the line. If we assume that each per- 
mutation (cf. Theorem 1’) of the three points gives rise to only a single 
projectivity (the proof of which requires an additional assumption), 
this subgroup consists of six projectivities (including, of course, the 
identity). Again, the set of all projectivities on a line leaving each of two 
given distinct points invariant forms a subgroup of the general group. 

We will close this section with two examples illustrative of the 
principles now under discussion, in which the projectivities in ques- 
tion are given by explicit constructions. 
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EXAMPLE 1. A group of projectivities leaving each of two given 
points invariant. Let M, N be two distinct points on a line J, and 
let m, m be any two lines through I, NW respectively and coplanar 
with / (fig. 27). On m let there be an arbitrary given point S. If S, 
is any other point on m and not on J or n, the points S, S, together 
with the line n define a projectivity a, on / as follows: The point 
m,(A) =A’ homologous to any point A of J is obtained by the two 


perspectivities [4] = £4.) (44, where [4,] is the pencil of points 
on n. Every point S, then, if not on J or n, defines a unique pro- 
jectivity 7,; we are to show that the set of all these projectivities 7, 
forms a group. We show first that the product 
of any two 77,, 77, 18 a uniquely determined pro- 
jectivity 7, of the set (fig. 27). 
In the figure, A’ = 7, (A) 
and A= 7,(A’) have been 










n 






uM 


/ ve 
a See Vein UY 


constructed. The point S, giving A” directly from A by a similar con- 
struction is then uniquely determined as the intersection of the lines 
A'A,,m. Let B be any other point of / distinct from 1, N, and let 
B'=77,(B) and B"=7,(B') be constructed ; we must show that we have 
B"=m,(B). We recognize the quadrangular set Q(1/B'A', NA" B") as 
defined by the quadrangle SS,B,A,. But of this quadrangular set all 
points except B” are also obtained from the quadrangle S,S,B,4,; 
whence the line §,B, determines the point B” (Theorem 3, Chap. I). 
It is necessary further to show that the inverse of any projectivity in 
the set is in the set. For this purpose we need simply determine 8, 
as the intersection of the line 4.4, with m and repeat the former argu- 
ment. This is left as an exercise. Finally, the identity is in the set, 
since it is 7,, when S,=S. 
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It is to be noted that in this example the points M and WN are 
double points of each projectivity in the group; and also that if P, P’ 
and Q, Q’ are any two pairs of homologous points of a projectivity 
we have Q(MPQ, NQ'P'). Moreover, it is clear that any projectivity 
of the group is uniquely determined by a pair of homologous elements, 
and that there exists a projectivity which 
will transform any point A of J into any 
other point B of /, provided only that 
Aand B are distinct from 
Mand N. By virtue of 
the latter property the 
group is said 
to be transitive. 










EXAMPLE 2. Commutative projectivities. Let M be a point of a 
line J, and let m, m! be any two lines through & distinct from /, but 
in the same plane with / (fig. 28.) Let S be a given point of m, and 
let a projectivity 7, be defined by another point S, of m which deter- 


mines the perspectivities [4] = [A,] x [4’], where [.4,] is the pencil 
of points on m’. Any two projectivities defined in this way by points S, 
are commutative. Let m, be another such projectivity, and construct 
the points A'’=7,(A), A” =7,(A’), and Aj{=7,(A). The quadrangle 
SS,A,A, gives Q(MA4A', MA"A!); and the quadrangular set determined 
on / by the quadrangle SS, 4,4} has the first five points of the former 
in the same positions in the symbols. Hence we have 7,(4{) = 4”, and 
therefore v7, = 7,7,. 


EXERCISES 


1. Show that the set of all projectivities 7; of Example 2 above forms a 
group, which is then a commutative group. 

2. Show that the projectivity 7, of Example 1 above is identical with the 
projectivity obtained by choosing any other two points of m as centers of 
perspectivity, provided only that the two projectivities have one homologous 
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pair (distinct from JZ or N) in common. Investigate the general question as 
to how far the construction may be modified so as still to preserve the propo- 
sition that the projectivities are determined by the double points M, N and 
one pair of homologous elements. 

3. Discuss the same general question for the projectivities of Example 2. 

4. Apply the method of Example 2 to the projectivities of Example 1. 
Why does it fail to show that any two of the latter are commutative? State 
the space and plane duals of the two examples. 

5. ABCD isa tetrahedron and a, B, y, 6 the faces not containing A, B, C, D 
respectively, and / is any line not meeting an edge. The planes (JA, /B,/C, 1D) 
are projective with the points (da, 7B, ly, 78). 

6. On each of the ten sides of a complete 5-point in a plane there are three 
diagonal points and two vertices. Write down the projectivities among these 
ten sets of five points each. 


28. Projective transformations of two-dimensional forms. 

DEFINITION. A projective transformation between the elements of 
two two-dimensional or two three-dimensional forms is any one-to- 
one reciprocal correspondence between the elements of the two forms, 
such that to every one-dimensional form of one there corresponds 
a projective one-dimensional form of the other. 

DEFINITION. A collineation is any (1, 1) correspondence between 
two two-dimensional or two three-dimensional forms in which to every 
element of one of the forms corresponds an element of the same kind 
in the other form, and in which to every one-dimensional form of one 
corresponds a one-dimensional form of the other. A projective colline- 
ation is one in which this correspondence is projective. Unless other- 
wise specified, the term collineation will, in the future, always denote 
a projective collineation.* 

In the present chapter we shall confine ourselves to the discus- 
sion of some of the fundamental properties of collineations. In this 
section we discuss the collineations between two-dimensional forms, 
and shall take the plane (planar field) as typical; the corresponding 
theorems for the other two-dimensional forms will then follow from 
duality. 

The simplest correspondence between the elements of two distinct 
planes 7, 77! is a perspective correspondence, whereby any two homol- 
ogous elements are on the same element of a bundle whose center O 
is on neither of the planes 7, 7’. The simplest collineation in a plane, 


* In how far a collineation must be projective will appear later, 
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ie. which transforms every element of a plane into an element of the 
same plane, is the following: 

DEFINITION. A perspective collineation in a plane is a projective 
collineation leaving invariant every point on a given line o and every 
line on a given point O. The line o and the point O are called the 
axis and center respectively of the perspective collineation. If the 
center and axis are not united, the collineation is called a planar 
homology; if they are united, a planar elation. 

A perspective collineation in a plane 7 may be constructed as 
follows: Let any line o and any point O of 7 be chosen as axis and 
center respectively, and let 7, be any plane through o distinct from 7. 
Let O,, O, be any two points collinear with O and in neither of the 
planes 7, 7, The perspective collineation is then obtained by the 
0, 
x 
F, P' are points of 7, and a respectively. Every point of the line o 
and every line through the point O clearly remain fixed by the trans- 
formation, so that the conditions of the definition are satisfied, if 
only the transformation is projective. But it is readily seen that 
every pencil of points is transformed by this process into a perspec- 
tive pencil of points, the center of perspectivity being the point O; 
and every pencil of lines is transformed into a perspective pencil, the 
axis of perspectivity beingo. The above discussion applies whether 

Cc or not the point O is on the line o. 


O 
two perspectivities [P] ~ [P,] = [P'], where P is any point of 7 and 





THEOREM 9. A perspective col- 
lineation in a plane is uniquely 
defined vf the center, axis, and any 
two homologous points (not on the 
axis or center) are given, with the 
single restriction that the homol- 
ogous points must be collinear 
Frac 29 with O. (A, E) 





Proof. Let O, 0 be the center and axis respectively (fig. 29). It is 
clear from the definition that any two homologous points must be 
collinear with O, since every line through O is invariant; similarly 
(dually) any two homologous lines must be concurrent with o. Let 
A, A' be the given pair of homologous points collinear with O. The 
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point B’ homologous to any point B of the plane is then determined. 
We may assume B to be distinct from 0, A and not to be on o. 
B' is on the line OB, and if the line AB meets o in C, then, since C 
is invariant by definition, the line 4B= AC is transformed into A! C. 
B' is then determined as the intersection of the lines OB and A’C. 
This applies unless B is on the line 44’; in this case we determine 
as above a pair of homologous points not on Ad’, and then use the 
two points thus determined to construct B’. This shows that there 
can be no more than one perspective collineation in the plane with 
the given elements. 

To show that there is one we may proceed as follows: Let 7, be 
any plane through o distinct from 7, the plane of the perspectivity, 
and let O, be any point on neither of the planes 7, 77,. If the line AO, 
meets 7, in A,, the line A’A, meets OO, in a point O,. The perspec- 
tive collineation determined by the two centers of perspectivity O,, O, 
and the plane 7, then has O, o as center and axis respectively and A, A’ 
as a pair of homologous points. 

COROLLARY 1. A perspective collineation in a plane transforms every 
one-dimensional form into a perspective one-dimensional form. (A, E) 

CorROLLARY 2. A perspective collineation with center O and axis o 
transforms any triangle none of whose vertices or sides are on 0 or O 
into a perspective triangle, the center of perspectivity of the triangles 
being the center of the collineation and the axis of perspectivity being 
the axis of the collineation. (A, E) 

CoroLLary 38. The only planar collineations (whether required to 
be projective or not) which leave invariant the points of a line o and 
the lines through a point O are homologies if O is not on 0, and 
elations if O is on o. (A, E) 

Proof. This will be evident on observing that in the first paragraph 
of the proof of the theorem no use is made of the hypothesis that the 
collineation is projective. 

Corotuary 4. Jf H is a perspective collineation such that H(O)=0, 
H(o)=0, H(A) =2', H(B)=B! where A, A!', B, B' are collinear with 
a point K of o, then we have Q(OAB, KB'A'). (A, E) 

Proof. If C is any point not on 4d’ and H(C’)=C’, the lines AC 
and A/C’ meet in a point Z of 0, and BC and B/C’ meet in a point M 
of 0; and the required quadrangle is CC’L& (cf. fig. 32, p. 77). 
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THEOREM 10. Any complete quadrangle of a plane can be trans- 
formed into any complete quadrangle of the same or a different plane 
by a projective collineation which, if the quadrangles are in the same 
plane, is the resultant of a finite number of perspective collineations. 
(A, E) 

Proof. Let the quadrangles be in the same plane and let their ver- 
tices be A, B, C, D and A’, B', C’, D! respectively. We show first that 
there exists a collineation leaving any three vertices, say A’, B’, C’, of 





the quadrangle 4’B'C’D’ invariant and transforming into the fourth, 
D', any other point D, not on a side of the triangle 4’B!O' (fig. 30). Let 
D_ be the intersection of A’D,, B'D' and consider the homology with 
center A! and axis B/C’ transforming D, into D. Next consider the 
homology with center B’ and axis C’A’ transforming D into D’. Both 
these homologies exist by Theorem 9. The resultant of these two 
homologies is a collineation leaving fixed 4’, B’, C’ and transforming 
D, into D', (It should be noticed that one or both of the homologies 
may be the identity.) | 

Let O, be any point on the line containing A and 4’ and let 0, be 
any line not passing through 4 or 4’. By Theorem 9 there exists a 
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perspective collineation 7, transforming A to 4’ and having O, and 0, 
as center and axis. Let B,, C,, D, be points such that 


,(ABCD) = A'B,C,D,. 


In like manner, let 0, be any line through 4! not containing B, or 
B' and let O, be any point on the line BB’. Let m, be the perspec- 
tive collineation with axis 0,, center O,, and transforming B, to B’. 
Let C,=7,(C,) and D,=7,(D,). Here 


1,(A'B,C,D,) = A'B'C,D,. 


Now let O, be any point on the line C,C’ and let 7, be the per- 
spective collineation which has A'B’=o0, for axis, O, for center, and 
transforms C,, to CO’. The existence of 7, follows from Theorem 9 as 
soon as we observe that C’ is not on the line A’B’, by hypothesis, 
and C, is not on A’B’; because if so, C, would be on A’B, and there- 
fore C would be on AB. Let 7,(D,)=D,. It follows that 


m,(A'B'C,D,) = A'B'C'D,. 


The point D, cannot be on a side of the triangle A’B’C’ because 
then D, would be on a side of A’B’C,, and hence D, on a side of 
A'B,C,, and, finally, D on a side of ABC. Hence, by the first para- 
graph of this proof, there exists a projectivity 7, such that 

m,(A'B'C'D,) = A'B'C'D!, 
The resultant 7,77,7,7, of these four collineations clearly transforms 
A, B,C, D into A’, B', C’, D' respectively. If the quadrangles are in 
different planes, we need only add a perspective transformation between 
the two planes. 

CorOLLARY. There exist projective collineations in a plane which 
will effect any one of the possible 24 permutations of the vertices of 
a complete quadrangle in the plane. (A, E) 

29. Projective collineations of three-dimensional forms. Projective 
collineations in a three-dimensional form have been defined at the 
beginning of § 28. 

Derinition. A projective collineation in space which leaves inva- 
riant every point of a plane @ and every plane on a point O is called a 
perspective collineation. The plane wis called the plane of perspectivity ; 
the point O is called the center. If O is on , the collineation is said 
to be an elation in space; otherwise, a homology in space. 
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THEOREM 11. Jf O is any point and w any plane, there exists one 
and only one perspective collineation in space having O, w for center 
and plane of perspectivity respectively, which transforms any point A 
(distinct from O and not on ) into any other point A! (distinct from O 
and not on w) collinear with AO. (A, E) 

Proof. We show first that there cannot be more than one per- 
spective collineation satisfying the conditions of the theorem, by 
showing that the point B’ homologous to any point B is uniquely 
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determined by the given conditions. We may assume B not on @ 
and distinct from O and A. Suppose first that B is not on the line 
AO (fig. 31). Since BO is an invariant line, B’ is on BO; and if 
the line AB meets w in LZ, the line AB= AZ is transformed into 
the line A'Z. Hence B' is determined as the intersection of BO 
and A'Z. There remains the case where B is on AO and distinct 
from A and O (fig. 32). Let C, C’ be any pair of homologous points 
not on AO, and let AC and BC meet » in Z and M respectively. 
The line 1B = MC is transformed into J/C’, and the point B’ is then 
determined as the intersection of the lines BO and MC’. That this 
point is independent of the choice of the pair C, C’ now follows 
from the fact that the quadrangle MZLCC' gives the quadrangular 
set Q(KAA’, OB'B), where K is the point in which AO meets w 
(K may coincide with O without affecting the argument). The point 
B' is then uniquely determined by the five points 0, K, A, A’, B. 

The correspondence defined by the construction in the paragraph 
above has been proved to be one-toone throughout. On the line 40 
it is projective because of the perspectivities (fig. 32) 
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C G 
[B] = [Mt] =[B'. 


On OB, any other line through 0, it is projective because of the per- 

spectivities (fig. 31) vu 
| [4] = [LZ] = ['). 

That any pencil of points not through O is transformed into a 


perspective pencil, the center of perspectivity being O, is now easily 
seen and is left as an exercise for the reader. From this it follows 
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that any one-dimensional form is transformed into a projective form, 
so that the correspondence which has been constructed satisfies the 
definition of a projective collineation. 

THEOREM 12. Any complete five-point in space can be transformed 
into any other complete five-point in space by a projective collineation 
which is the resultant of a finite number of perspective collineations. (A,E) 

Proof. Let the five-points be ABCDE and A'B'C'D'£’ respectively. 
We will show first that there exists a collineation leaving A'B’C’D' 
invariant and transforming into HZ’ any point £, not coplanar with 
three of the points A’B’C'D'. Consider a homology having 4’B’C' as 
plane of perspectivity and D! as center. Any such homology trans- 
forms H, into a point on the line 4D’. Similarly, a homology with 
plane 4’B’D! and center C’ transforms Z’ into a point on the line 2’C". 
If #,D' and #'C’ intersect in a point Z,, the resultant of two homol- 
ogies of the kind described, of which the first transforms #, into F, 
and the second transforms 2, into Z’, leaves A'B'C'D! invariant and 
transforms Z, into HZ’. If the lines £,D! and £'C’ are skew, there 
is a line through B’ meeting the lines HD! and H'C' respectively 
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in two points HZ, and Z,. The resultant of the three homologies, of 
which the first has the plane A’B'C’ and center D’ and transforms 
E, to E,, of which the second has the plane A’C’D! and center B! 
and transforms Z, to #,, and of which the third has the plane A’B’D! 
and center C’ and transforms Z, to Z’, is a collineation leaving A’B'C'D' 
invariant and transforming #, to HZ’. The remainder of the proof is 
now entirely analogous to the proof of Theorem 10. The details are 
left as an exercise. 


CoroLuary. There exist projective collineations which will effect 
any one of the possible 120 permutations of the vertices of a complete 
Jive-point in space. (A, E) 


EXERCISES 


1. Prove the existence of perspective collineations in a plane without 
making use of any points outside the plane. 

2. Discuss the figure formed by two triangles which are homologous 
under an elation. How is this special form of the Desargues configuration 
obtained as a section of a complete five-point in space? 

3. Given an elation in a plane with center O and axis o and two homol- 
ogous pairs A, A’ and B, B’ on any line through O, show that we always 
have Q(OAA’, OB’B). 

4. What permutations of the vertices of a complete quadrangle leave a 
given diagonal point invariant? every diagonal point? 

5. Write down the permutations of the six sides of a complete quadrangle 
brought about by all possible permutations of the vertices. 

6. The set of all homologies (elations) in a plane with the same center 
and axis form a group. 

7. Prove that two elations in a plane having a common axis and center 
are commutative. Will this method apply to prove that two homologies with 
common axis and center are commutative ? 

8. Prove that two elations in a plane having a common axis are commu- 
tative. Dualize. Prove the corresponding theorem in space. 

9. Prove that the resultant of two elations having a common axis is an 
elation. Dualize. Prove the corresponding theorem in space. What groups 
of elations are defined by these theorems? 

10. Discuss the effect of a perspective collineation of space on: (1) a pencil 
of lines; (2) any plane; (8) any bundle of lines; (4) a tetrahedron; (5) a 
complete five-point in space. 

11. The set of all collineations in space (in a plane) form a group. 

12. The set of all projective collineations in space (in a plane) form a group. 
13. Show that under certain conditions the configuration of two perspective 
tetrahedra is left invariant by 120 collineations (ef. Ex. 3, p. 47). 


CHAPTER IV 


HARMONIC CONSTRUCTIONS AND THE FUNDAMENTAL THEOREM 
OF PROJECTIVE GEOMETRY 


30. The projectivity of quadrangular sets. We return now to a 
more detailed discussion of the notion of quadrangular sets introduced 
at the end of Chap. II. We there defined a quadrangular set of points 
as the section by a transversal of the sides of a complete quadrangle ; 
the plane dual of this figure we call a quadrangular set of lines ;* 
it consists of the projection of the vertices of a complete quadrilateral 
from a point which is in the plane of the quadrilateral, but not on 
any of its sides; the space dual of a quadrangular set of points we 
call a quadrangular set of planes; it is the figure formed by the 
projection from a point of the 
figure of a quadrangular set 
of lines. We may now prove 
the following im- 
portant theorem: 


o~ 





THEOREM 1. 
The section by a 
transversal of a 
quadrangular 
set of lines is a 
quadrangular f 
set of povrnts. 

(A, E) 

Proof. By Theorem 3’, Chap. II, p. 49, and the dual of Note 2, on 
p- 48, we may take the transversal / to be one of the sides of a com- 
plete quadrilateral the projection of whose vertices from a point P 
forms the set of lines in question (fig. 33). Let the remaining three 
sides of such a quadrilateral be a, b,c. Let the points be, ca, and ab 


Fie. 33 


* It would be more natural at this stage to call such a set a quadrilateral set of 
lines; the next theorem, however, justifies the term we have chosen, which has the 


advantage of uniformity. 
79 
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be denoted by 4, B, and C respectively. The sides of the quadrangle 
PABC meet 1 in the same points as the lines of the quadrangular set 
of lines. 

CoroLuary. A set of collinear points which is projective with a 
quadrangular set is a quadrangular set. (A, E) 

THEOREM 1’. The projection from a point of a quadrangular set of 
points is a quadrangular set of lines. (A, E) 


This is the plane dual of the preceding; the space dual is: 


THEOREM 1". The section by a plane of a quadrangular set of planes 
is a quadrangular set of lines. (A, E) 

CoroLuary. If a set of elements of a primitive one-dimensional form 
is projective with a quadrangular set, it is itself a quadrangular set. 
(A, E) 

31. Harmonic sets. DerriniTion. A quadrangular set Q(123, 124) 
is called a harmonic set and is denoted by H(12, 34). The elements 
3, 4 are called harmonic conjugates with respect to the elements 1, 2; 
and 3 (or 4) is called the harmonic conjugate of 4 (or 3) with respect 
to 1 and 2. 

From this definition we see that in a harmonic set of points 
H(AC, BD), the points A and C are diagonal points of a complete 





A 
Fie. 34 Fie. 35 


quadrangle, while the points B and D are the intersections of the 
remaining two opposite sides of the quadrangle with the line AC 
(fig. 34). Likewise, in a harmonic set of lines H (ac, bd), the lines a 
and ¢ are two diagonal lines of a complete quadrilateral, while the 
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lines } and d are the lines joining the remaining pair of opposite 
vertices of the quadrilateral to the point of intersection ac of the 
lines a and ¢ (fig. 35). A harmonic set of planes is the space dual 
of a harmonic set of points, and is therefore the projection from a 
point of a harmonic set of lines. 


In case the diagonal points of a complete quadrangle are collinear, any 
three points of a line form a harmonic set and any point is its own harmonic 
conjugate with regard to any two points collinear with it. Theorems on har- 
monic sets are therefore trivial in those spaces for which Assumption H, is 
not true. We shall therefore base our reasoning, in this and the following 
two sections, on Assumption 1; though most of the theorems are obviously 
true also in case H, is false. This is why some of the theorems are labeled as 
dependent on Assumptions A and EL, whereas the proofs given involve H, also. 


The corollary of Theorem 3, Chap. II, when applied to harmonic 
sets yields the following: 


THEOREM 2. The harmonic conjugate of an element with respect to 
two other elements of a one-dimensional primitive form is a unique 


element of the form. (A, E) 
Theorem 1 applied to the special case of harmonic sets gives 


THEOREM 3. Any section or projection of a harmonie set is a 
harmonic set. (A, E) 

Coroiary. Jf a set of four elements of any one-dimensional prim- 
itive form is projective with a harmonic set, it vs itself a harmonic set. 
(A, ) 

THEOREM 4. Jf 1 and 2 are harmonic conjugates with respect to 
3 and 4, 3 and 4 are harmonic conjugates with respect to 1 and 2. 


(A, E, H,) 
Proof. By Theorem 2, Chap. III, there exists a projectivity 


1234 Z 3412. 


But by hypothesis we have H(34, 12). Hence by the corollary of 
Theorem 3 we have H(12, 34). 

By virtue of this theorem the pairs 1, 2 and 3, 4 in the expression 
H(12, 34) play the same réle and may be interchanged.* 


* The corresponding theorem for the more general expression Q (123, 456) 
cannot be derived without the use of an additional assumption (cf. Theorem 24, 


Chap. IV). 
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THEOREM 5. Given two harmonic sets H(12, 34) and H(1'2’, 3/4’), 
there exists a projectivity such that 1234 % 1'2'3'4'. (A, E) 

Proof. Any projectivity 123 = 1/2'3' (Theorem 1, Chap. IIT) must 
transform 4 into 4! by virtue of Theorem 3, Cor., and the fact that 
the harmonic conjugate of 3 with respect to 1 and 2 is unique (Theo- 
rem 2). This is the converse of Theorem 3, Cor. 


Coronary 1. Jf H(12, 34) and H(12’, 3/4’) are two harmonic sets 
of different one-dimensional forms having the element 1 im common, 
we have 1234 — 12/34! (A, E) 

For under the hypotheses of the corollary the projectivity 123 7 1/2'3' 
of the preceding proof may be replaced by the perspectivity 123 = 12'3'. 

Corotiary 2. [f H(12, 34) ts a harmonie set, there exists a projec- 
twity 12347 1243. (A, E) 

This follows directly from the last theorem and the evident fact 
that if H(12, 34) we have also H(12, 43). The converse of this 
corollary is likewise valid; the proof, however, is given later in this 
chapter (cf. Theorem 27, Cor. 5). 

We see as a result of the last corollary and Theorem 2, Chap. III, 
that if we have H(12, 34), there exist projectivities which will trans- 
form 1234 into any one of the eight permutations 


1234, 1243, 2134, 2143, 3412, 3421, 4312, 4321.* 


In other words, if we have H(12, 34), we have likewise H (12, 43), 
H (21, 34), H(21, 43), H(34, 12), H(34, 21), H(43, 12), H(43, 21). 

THEOREM 6. The two sides of a complete quadrangle which meet in 
a diagonal point are harmonic conjugates with respect to the two sides 
of the diagonal triangle which meet in this point. (A, E) 

Proof. The four sides of the complete quadrangle which do not 
pass through the diagonal point in question form a quadrilateral 
which defines the set of four lines mentioned as harmonic in the 
way indicated (fig. 36). 

It is sometimes convenient to speak of a pair of elements of a 
form as harmonic with a pair of elements of a form of different 
kind. For example, we may say that two points are harmonic with 
two lines in a plane with the points, if the points determine two 


* These transformations form the so-called eight-group. 2 
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lines through the intersection of the given lines which are harmonic 
with the latter; or, what is the same thing, if the line joining the 
points meets the lines in two points 
harmonic with the given ‘points. 
With this understanding we may 
restate the last theorem as follows: 
The sides of a complete quadrangle 
which meet in a diagonal point are 
harmonic with the other two diago- 
nal points. In like manner, we may 
say that two points are harmonic 
with two planes, if the line joining 
the points meets the planes in a 
pair of points harmonic with the 
given points; and a pair of lines is 
harmonic with a pair of planes, if Fic. 36 

they intersect on the intersection 

of the two planes, and if they determine with this intersection two 
planes harmonic with the given planes. 





EXERCISES 


1. Prove Theorem 4 directly from a figure without using Theorem 2, 
Chap. III. 

2. Prove Theorem 5, Cor. 2, directly from a figure. 

3. Through a given point in a plane construct a line which passes through 
the point of intersection of two given lines in the plane, without making use 
of the latter point. 

4. A line meets the sides of a triangle ABC in the points A,, B,, C,, and 
the harmonic conjugates A,, B,, C, of these points with respect to the two 
vertices on the same side are determined, so that we have H(AB, C,C,), 
H(BC, A,A,), and H(CA, B,B,). Show that A,, B,, C,; B,, C,,A,; Cy, Aq, B, 
are collinear; that 4A,, BB,, CC, are concurrent; and that AA,, BB,, CC,; 
AA,, BB,, CC,; AA,, BB,, CC, are also concurrent. 

5. If each of two sides AB, BC of a triangle A BC meets a pair of opposite 
edges of a tetrahedron in two points which are harmonic conjugates with 
respect to A, B and B, C respectively, the third side CA will meet the third 
pair of opposite edges in two points which are harmonic conjugates with 
respect to C, A. 

6. A, B, C, D are the vertices of a quadrangle the sides of which meet a 
given transversal / in the six points P,, P,, Ps, Py, P;, P,; the harmonic conju- 
gate of each of these points with respect to the two corresponding vertices of the 


84 THE FUNDAMENTAL THEOREM [Cuap. IV 


quadrangle is constructed and these six points are denoted by P;, P3, Ps, Py, 
Pi, Pj respectively. The three lines joining the pairs of the latter points 
which lie on opposite sides of the quadrangle meet in a point P, which is the 
harmonic conjugate of each of the points in which these three lines meet / 
with respect to the pairs of points P’ defining the lines. 

7. Defining the polar line of a point with respect to a pair of lines as the 
harmonic conjugate line of the point with regard to the pair of lines, prove 
that the three polar lines of a point as to the pairs of lines of a triangle form 
a triangle (called the cogredient triangle) perspective to the given triangle. 

8. Show that the polar line defined in Ex. 7 is the same as the polar line 
defined in Ex. 3, p. 52. 

9. Show that any line through a point O and meeting two intersecting 
lines J, /’ meets the polar of O with respect to J, / in a point which is the 
harmonic conjugate of O with respect to the points in which the line through O 
meets 7, /’. 

10. The axis of perspectivity of a triangle and its cogredient triangle is the 
polar line (cf. p. 46) of the triangle as to the given point. 

11. If two triangles are perspective, the two polar lines of a point on their 
axis of perspectivity meet on the axis of perspectivity. 

12. Ifthe lines joining corresponding vertices of two n-lines meet ina point, 
the points of intersection of corresponding sides meet on a line. 

13. (Generalization of Exs. 7,10.) Then polar lines of a point P as to the n 
(n —1)-lines of an n-line in a plane form an n-line (the cogredient n-line) 
whose sides meet the corresponding sides of the given n-line in the points of 
a line p. The line p is called the polar of P as to the n-line.* 

14. (Generalization of Ex. 11.) If two n-lines are perspective, the two 
polar lines of a point on their axis of perspectivity meet on this axis. 

15. Obtain the plane duals of the last two problems. Generalize them to 
three- and n-dimensional space. These theorems are fundamental for the con- 
struction of polars of algebraic curves and surfaces of the n-th degree. 


32. Nets of rationality ona line. Derrinivion. A point P of a line 
is said to be harmonically related to three given distinct points A, B,C 
of the line, provided P is one of a sequence of points 4, B, C, H,, H,, H,, 

- of the line, finite in number, such that J7, is the harmonic conju- 
gate of one of the points A, B, C with respect to the other two, and 
such that every other point 7, is harmonic with three of the set A, B, C, 
H,, H,,-++, H,_,. The class of all points harmonically related to three 
distinet points A, B, C on a line is called the one-dimensional net of 
rationality defined by A, B,C; it is denoted by R(ABC). A net of 
rationality on a line is also called a linear net. 


* This is a definition by induction of the polar line of a point with respect to an 
n-line. 
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THEOREM 7. Jf A, B,C, D and A’, B', 0', D' are respectively points 
of two lines such that ABCD A'B'C'D', and vf D is harmonically 
related to A, B, C, then D! is harmonically related to A', B', C!. (A, E) 


This follows directly from the fact that the projectivity of the theo- 
rem makes the set of points HZ, which defines Das harmonically related 
to A, B, C projective with a set of points H; such that every harmonic set 
of points of the sequence A, B, C, H,, H,, ---, D is homologous with a 
harmonic set of the sequence 4’, B’, C’, H{, H},---, D' (Theorem 8, Cor.). 

CoroLuary. Jf a class of points on a line is projective with a net 
of rationality on a line, it is itself a net of rationality. 

THEOREM 8. Jf K, L, M are three distinct points of R(ABC), A, B,C 
are points of R(KLM). (A, E) 

Proof. From the projectivity ABCK x BAKC follows, by Theorem’, 
that C is a point of R(ABKX). Hence all points harmonically related 
to A, B, Care, by definition, harmonically related to 4, B, K. Since K 
is, by hypothesis, in the net R(ABC), the definition also requires that 
all points of R(ABK) shall be points of R(ABC). Hence the nets 
R(ABC) and R(ABK) are identical; and so R(ABC) = R(ABK) 
=R(AMK)=R(KLM). 

CoroL“uary. A net of rationality on a line is determined by any 
distinct three of its points. 

THEOREM 9. Jf all but one of the six (or five, or four) points of a 
quadrangular set are points of the same net of rationality R, this 
one point is also a point of R. (A, E) 

Proof. Let the sides of the quadrangle PQS (fig. 37) meet the 
line Z as indicated in the points A, 4,; B,B,; C,C,, so that B+ B,; 
and suppose that the first five of these are points of a net of rationality 


R=R(AA,B,)=R(BCB,)=---. 


We must prove that C, is a point of R. Let the pair of lines RS and 
PQ meet in B’. We then have 


S R 
BCB,A = BQB'P — BA,B,O, 


Since 4 is in R(BCB,), it follows from this projectivity, in view of 
Theorem 7, that C, is in R(BA,B,)=R. 

Dertnition. A point P of a line is said to be quadrangularly 
related to three given distinct points A, B, C of the line, provided 
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P is one of a sequence of points A, B, C, H,, H,, H,,--- of the line, 
finite in number, such that H, is the harmonic conjugate of one of 
the points A, B,C with respect to the other two, and such that every 
other point H, is one of a quadrangular set of which the other five 
belong to the set A, B, C, H,, H,,---, Hy 





Hie. 37 


CoroLuaRY. The class of all points quadrangularly related to three 
distinct collinear points A, B, Cis R(ABC). (A, E) 

From the last corollary it is plain that R (ABC) consists of all points that 
can be constructed from A, B, C by means of points and lines alone; that is 
to say, all points whose existence can be inferred from Assumptions A, E, H,. 
The existence or nonexistence of further points on the line ABC is unde- 
termined as yet. The analogous class of points in a plane is the system of all 
points constructible, by means of points and lines, out of four points 4, B, C, D, 
no three of which are collinear. This class of points is studied by an indirect 
method in the next section. 


33. Nets of rationality in the plane. DEFINITION. A point is said 
to be rationally related to two noncollinear nets of rationality R,, R, 
having a point in common, provided it is the intersection of two lines 
each of which joins a point of R, to a distinct point of R,. <A line is 
said to be rationally related to R, and R,, provided it joins two points 
that are rationally related to them. The set of all points and lines 
rationally related to R,, R, is called the net of rationality in a plane 
(or of two dimensions) determined by R,, R,; it is also called the 
planar net defined by R,, R,,. 

From this definition it follows directly that all the points of R, 
and R, are points of the planar net defined by R,, R,. 
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THEOREM 10. Any line of the planar net R? defined by R,, R, meets 
R, and R,. (A, E) 

Proof. We prove first that if a line of the planar net R’ meets R,, 
it meets R,. Suppose a line / meets R, in 4,; it then contains a second 
point P of R*. By definition, through P pass two lines, each of which 
joins a point of R, to a distinct point of R,. If / is one of these lines, 
the proposition is proved; if these lines are distinct from J, let them 
meet R, and R, respectively in the points B,, B, and #, F (fig. 38). 
If O is the common point of R,, R,, we then have 


P 
OA,B,P=0A,B,B, 


where A, is the point in which / meets the line of R,. Hence A, is a 
point of R, (Theorem 7). 

Now let / be any line of the net R’, and let P, @ be two points 
of the net and on 7 (def.). If one of these points is a point of R, or 
R,, the theorem is proved by the case just considered. If not, two 
lines, each joining a point of R, to a distinct point of R,, pass through 
P; let them meet R, in 4,, B,, and R, in 4,, B, respectively (fig. 38). 
Let the lines Q4, and YB, meet R, in Aj and Bj respectively (first case). 





Then if / meets the lines of R, and R, in # and £& respectively, the 
quadrangle PQA,B, gives rise to the quadrangular set Q(2A,B,, 
OB}A}) of which five points are points of R,; hence Ff, is a point of R, 
(Theorem 9). # is then a point of R, by the first case of this proof. 

THEOREM 11. The intersection of any two lines of a planar net ts 
a point of the planar net. (A, E) 
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Proof. This follows directly from the definition and the last theo- 
rem, except when one of the lines passes through O, the point common 
to the two linear nets R,, R, defining the planar net. In the latter 
case let the two lines of the planar net be /,, 7, and suppose /, passes 
through O, while /, meets R,, R, in A,, A, respectively (fig. 39). If the 
point of intersection P of /,/, were not a point of the planar net, /, 
would, by definition, 
contain a point Q of 
the planar net, dis- 
tinct from O and P. 
The lines QA, and 
QA, would meet R, 
and R, in two points 
B, and B, respec- 
tively. The point C, 
in which the line 
PB, met the line of 
R, would then be the 
harmonic conjugate 
of B, with respect to O and A, (through the quadrangle PQ4,B,); 
C, would therefore be a point of R,, and hence P would be a 
point of the planar net, being the intersection of the lines 4,4, 
and B,C, 

THEOREM 12. The points of a planar net R® on a line of the planar 
net form a linear net. (A, E) 
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Proof. Let the planar net be defined by the linear nets R,, R, and 
let ¢ be any line of the planar net. Let P be any point of the planar 
net not on 7 or R, or R,. The lines joining P to the points of R? on / 
meet R, and R, by Theorems 10 and 11. Hence P is the center of 
a perspectivity which makes the points of R® on / perspective with 
points of R, or R,. Hence the points of / belonging to the planar net 
form a linear net. (Theorem 7, Cor.) 


Corouuary. The planar net RY defined by two linear nets R,, R, ts 
identical with the planar net Ri defined by two linear nets R,, R,, pro- 
vided R,, R, are linear nets in R?. (A, E) 

For every point of R? is a point of R? by the above theorem, and 
every point of R? is a point of R? by Theorem 10. 
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EXERCISE 


If A, B, C, D are the vertices of a complete quadrangle, there is one and 
only one planar net of rationality containing them; and a point P belongs to 
this net if and only if P is one of a sequence of points ABCDD,D, - --, finite 
in number, such that D, is the intersection of two sides of the original quad- 
rangle and such that every other point D, is the intersection of two lines join- 
ing pairs of points of the set ABCDD, --- D;_}. 


34. Nets of rationality in space. Drrinirion. A point is said to 
be rationally related to two planar nets R?, R? in different planes but 
having a linear net in common, provided it is the intersection of two 
lines each of which joins a point of R? to a distinct point of R?2. 
A line is said to be rationally related to R?, R2, if it joins two, a plane 
if it joins three, points which are rationally related to them. The set 
of all points, lines, and planes rationally related to R?, R? is called the 
net of rationality in space (or of three dimensions) determined by 
R?, RZ; it is also called the spatial net defined by R?, R2. 

Theorems analogous to those derived for planar nets may now be 
derived for nets of rationality in space. We note first that every point 
of R? and of R? is a point of the spatial net R’ defined by R?, R? (the 
definition applies equally well to the points of the linear net common 
to R?, R?); and that no other points of the planes of these planar nets 
are points of R®. The proofs of the fundamental theorems of align- 
ment, etc., for spatial nets can, for the most part, be. readily reduced 
to theorems concerning planar nets. We note first: 

LemMaA. Any line joining a point A, of Rf to a distinct point P of 
R*® meets R?. (A, E) 

Proof. By hypothesis, through P pass two lines, each of which 
joins a point of R? to a distinct point of Rj. We may assume these 
lines distinct from the line P-A,, since otherwise the lemma is proved. 
Let the two lines through P meet R/, R? in B,, B, and C,, C, respec- 
tively (fig.40). If A,, B,, C, are not collinear, the planes P4,B, and 
PA,C, meet R? in the lines 4,B, and 4,C, respectively, which meet 
the linear net common to R?, R? in two points S, 7’ respectively 
(Theorems 11,12). The same planes meet the plane of R,’ in the lines 
SB, and TC, respectively, which are lines of R’, since S, 7' are points 
of R2. These lines meet in a point A, of R (Theorem 11), which 
is evidently the point in which the line PA, meets the plane of R?. 
If A,, B,, C, are collinear, let 4, be the intersection of PA, with the 


‘1 
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plane of R?, and S the intersection of A,B, with the linear net 
common to R? and R32. Since A, is in R(SB,C,), the perspectivity 


es . . 
SC, B,A, = SC,B,A, implies that A, is in R(SB,C,) and hence in Ry. 





Fic. 40 


THEOREM 13. Any line of the spatial net R® defined by R?, R? meets 
R? and R?. (A, E) Ke 
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Proof. By definition the given line 7 contains two points A and B 
of the net R® (fig. 41). If 4 or B is on R? or R?, the theorem reduces 
to the lemma. If not, let A be a point of R?, and A, and B, the points 
in which, by the lemma, #74 and 2B meet R}; also let R’ be any 
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point of RY not in the plane RAB, and let R’4 and B'B meet R? in 4} 
and B}. The lines A,B, and 4,Bj meet in a point of R2 (Theorem 11), 
and this point is the point of intersection of 7 with the plane of R?. 
The argument is now reduced to the case considered in the lemma. 

THEOREM 14. The points of a spatial net lying on a line of the 
spatial net form a linear net. (A, E) 

Proof. Let 1 be the given line, R? and R? the planar nets defining 
the spatial net R’, and Z, and Z, the points in which (Theorem 13) 
1 meets R? and R} (ZL, and LZ, may coincide). Let A, be any point of 
R? not on Z or on R?, and S the point in which 4,Z, meets the linear 
net common to R? and R} (fig. 42). If Z, and Z, are distinct, the lines 
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SL, and SZ, meet R? and R? in linear nets (Theorem 12); and, by 
Theorem 13, a line joining any point P of R® on / to 4, meets each 
of these linear nets. Hence all points of R® on / are in the planar 
net determined by these two linear nets. Moreover, by the definition 
of R®, all the points of the projection from A, of the linear net on SZ, 
upon J are points of R®. Hence the points of R® on / are a linear net. 

If Z,=L,=S, then, by definition, there is on / a point 4 of R’, and 
the line 44, meets R? in a point A, (fig. 43). The lines SA, and SA, 
meet R? and R? in linear nets R, and R, by Theorem 12. If B, is 
any point of R, other than A,, the line 4B, meets R? in a point B, by 
Theorem 13. By Theorem 12 all points of / in the planar net deter- 
mined by R, and R, form a linear net, and they obviously belong to R®. 
Moreover, any point of R® on J, when joined to 4,, meets R~ by Theo- 
rem 13, and hence belongs to the planar net determined by R, and R,. 
Hence, in this case also, the points of R® on / constitute a linear net. 
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THEOREM 15. The points and lines of a spatial net R® which lie on 
a plane a of the net form a planar net. (A, E) 


Proof. By definition @ contains three noncollinear points 4, B, C of 
R°, and the three lines AB, BC, CA meet the planar nets R? and R}, 
which determine R’, in points of two linear nets R, and R,, consisting 
entirely of points of R’. These linear nets, if distinct, determine a 
planar net R? in a, which, by Theorem 10, consists entirely of points 
and lines of R*. Moreover, any line joining a point of R® in a to A 
or B or C must, by Theorem 13, meet. R, and R, and hence be in R’. 
Hence all points and lines of R’ on @ are points and lines of R*. This 
completes the proof except in case R,=R,, which case is left as an 
exercise. 


CoroLLaRY 1. A net of rationality in space is a space satisfying 
Assumptions A and E, if “line” be interpreted as “linear net” and 
“plane” as “planar net.” (A, E) 


For all assumptions A and E, except A 3, are evidently satisfied ; 
and A 3 is satisfied because there is a planar net of points through 
any three points of a spatial net R’, and any two linear nets of this 
planar net have a point in common. 

This corollary establishes at once all the theorems of alignment in 
a net of rationality in space, which are proved in Chap. I, as also the 
principle of duality. We conclude then, for example, that two planes 
of a spatial net meet in a line of the net, and that three planes of a 
spatial net meet in a point of the net (if they do not meet in a line), 
etc. Moreover, we have at once the following corollary : 


CoroLuary 2. A spatial net is determined by any two of its planar 

nets. (A, E) 
EXERCISES 

1. If A,B,C, D,¥F are the vertices of a complete space five-point, there is 
one and only one net of rationality containing them all. A point P belongs to this 
net if and only if P is one of a sequence of points ABCDEL J, ---, finite in 
number, such that /, is the point of intersection of three faces of the original 
five-point and every other point J; is the intersection of three distinct planes 
through triples of points of the set ABCDET, --+ J;_}. 

2. Show that a planar net is determined if three noncollinear points and a 
line not passing through any of these points are given. 

3. Under what condition is a planar net determined by a linear net and two 
points not in this net? Show that two distinct planar nets in the same plane 
can have at most a linear net and one other point in common. 
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4. Show that a set of points and lines which is projective with a planar 
net is a planar net. 

5. A line joining a point P of a planar net to any point not in the net, but 
on a line of the net not containing P, has no other point than P in common 
with the net. 

6. Two points and two lines in the same plane do not in general belong to 
the same planar net. 

7. Discuss the determination of spatial nets by points and planes, similarly 
to Exs. 2, 3, and 6, 

8. Any class of points projective with a spatial net is itself a spatial nev. 

9. If a perspective collineation (homology or elation) in a plane with 
center A and axis / leaves a net of rationality in the plane invariant, the 
net contains A and J. 

10. Prove the corresponding proposition for a net of rationality in space 
invariant under a perspective transformation. 

11. Show that two linear nets on skew lines always belong to some spatial 
net; in fact, that the number of spatial nets containing two given linear 
nets on skew lines is the same as the number of linear nets through two given 
points. 

12. Three mutually skew lines and three distinct points on one of them 
determine one and only one spatial net in which they lie. 

13. Give further examples of the determination of spatial nets by lines. 


35. The fundamental theorem of projectivity. It has been shown 
(Chap. III) that any three distinct elements of a one-dimensional 
form may be made to correspond to any three distinct points of a 
line by a projective transformation. Likewise any four elements of 
a two-dimensional form, no three of which belong to the same one- 
dimensional form, may be made to correspond to the vertices of a 
complete planar quadrangle by a projective transformation ; and any 
five elements of a three-dimensional form, no four of which belong 
to the same two-dimensional form, may be made to correspond to 
the five vertices of a complete spatial five-point by a projective 
transformation. 

These transformations are of the utmost importance. Indeed, it is 
the principal object of projective geometry to discover those prop- 
erties of figures which remain invariant when the figures are sub- 
jected to projective transformations. The question now naturally 
arises, Is it possible to transform any four elements of a one- 
dimensional form into any four elements of another one-dimensional 
form? This question must be answered in the negative, since a har- 
monic set must always correspond to a harmonic set. The question 
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then arises whether or not a projective correspondence between one- 
dimensional forms is completely determined when three pairs of 
homologous elements are given. A partial answer to this funda- 
mental question is given in the next theorem. 

Lemma 1. Jf a projectivity leaves three distinct points of a line fixed, 
it leaves fixed every point of the linear net defined by these points. 

This follows at once from the fact that if three points are left 
invariant by a projectivity, the harmonic conjugate of any one of 
these points with respect to the other two must also be left inva- 
riant by the projectivity (Theorems 2 and 3, Cor.). The projectivity 
in question must therefore leave invariant every point harmonically 
related to the three given points. 


THEOREM 16. THE FUNDAMENTAL THEOREM OF PROJECTIVITY FOR A 
NET OF RATIONALITY ON A LINE. Jf A, B, C, D are distinct points of 
a linear net of rationality, and A’, B', C' are any three distinct points 
of another or the same linear net, then for any projectivities giving 
ABCD A'B'C'D!' and ABCDZ A'B'C'D}, we have D'= Dj. (A, E) 

Proof. Vf 7, 7, are respectively the two projectivities of the theorem, 
the projectivity 7,7~' leaves A'B'C’ fixed and transforms D! into DI. 
Since D’ is harmonically related to A’, B’, C’ (Theorem 7), the theorem 
follows from the lemma. 

This theorem gives the answer to the question proposed in its 
relation to the transformation of the points of a linear net. The 
corresponding proposition for all the points of a line, ie. the prop- 
osition obtained from the last theorem by replacing “linear net” by 
“line,” cannot be proved without the use of one or more additional 
assumptions (cf. § 50, Chap. VI). We have seen that it is equiva- 
lent to the proposition: If a projectivity leaves three points of a 
line invariant, it leaves every point of the line invariant. Later, by 
means of a discussion of order and continuity (terms as yet unde- 
fined), we shall prove this proposition. This discussion of order 
and continuity is, however, somewhat tedious and more difficult 
than the rest of our subject; and, besides, the theorem in question 
is true in spaces,* where order and continuity do not exist. It has 

* Different, of course, from ordinary space; ‘rational spaces’? (cf. p. 98 and 
the next, footnote) are examples in which continuity does not exist; ‘‘ finite spaces,’’ 


of which examples are given in the introduction (§ 2), are spaces in which neither 
order nor continuity exists, 
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therefore seemed desirable to give some of the results of this 
theorem before giving its proof in terms of order and continuity. 
To this end we introduce here the following provisional assumption 
of projectivity, which will later be proved a consequence of the order 
and continuity assumptions which will replace it. This provisional 
assumption may take any one of several forms. We choose the fol- 
lowing as leading most directly to the desired theorem: 


AN ASSUMPTION OF PROJECTIVITY : 
P. If a projectivity leaves each of three distinct points of a line 
unvariant, it leaves every point of the line invariant.* 


We should note first that the plane and space duals of this assump- 
tion are immediate consequences of the assumption. The principle of 
duality, therefore, is still valid after our set of assumptions has been 
enlarged by the addition of Assumption P. 

We now have: 


THEOREM 17. THE FUNDAMENTAL THEOREM OF PROJECTIVE GEOM-— 
ETRY.f Jf 1,2,3,4 are any four elements of a one-dimensional primitive 
orm, and 1', 2', 3' are any three elements of another or the same one- 
dimensional primitive form, then for any projectivities giving 1234 ~ 
V234' and 123845 U'2'3'4i, we have 4'= 4). (A, E, P) 

Proof. The proof is the same under the principle of duality as that 
of Theorem 16, Assumption P replacing the previous lemma. 

This theorem may also be stated as follows : 

A projectivity between one-dimensional primitive forms is uniquely 
determined when three pairs of homologous elements are given. (A, EK, P) 

Corottary. Jf two pencils of points on different lines are projective 
and have a self-corresponding point, they are perspective. (A, E, P) 


* We have seen in the lemma of the preceding theorem that the projectivity 
described in this assumption leaves invariant every point of the net of rationality 
defined by the three given points. The assumption simply states that if all the points 
of a linear net remain invariant under a projective transformation, then all the points 
of the line containing this net must also remain invariant. It will be shown later 
that in the ordinary geometry the points of a linear net of rationality on a line corre- 
spond to the points of the line whose codrdinates, when represented analytically, are 
rational numbers. This consideration should make the last assumption almost, if 
not quite, as intuitionally acceptable as the previous Assumptions A and E. 

+ On this theorem and related questions there is an extensive literature to which 
references can be found in the Encyklopiidie articles on Projective Geometry and 
Foundations of Geometry. It is associated with the names of von Staudt, Klein, 
Zeuthen, Liiroth, Darboux, F. Schur, Pieri, Wiener, Hilbert. Cf. also §50, Chap. VI. 
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Proof. For if O is the self-corresponding point, and 44’ and BB! 
are any two pairs of homologous points distinct from O, the perspec- 
tivity whose center is the intersection of the lines 44’, BB’ is a 
projectivity between the two lines which has the three pairs of 
homologous points OO, 44’, BB’, which must be the projectivity of 
the corollary by virtue of the last theorem. 

The corresponding theorems for two- and three-dimensional forms 
are now readily derived. We note first, as a lemma, the propositions 
in a plane and in space corresponding to Assumption P. 


LemMA 2. A projective transformation which leaves invariant each 


SOUL a plane _ three 
of a set of Be points of ae: no fur of which belong to the same 
line the plane. 


leaves invariant every point of 
e 


plan (A, HF) 


Proof. lf A, B, C, D are four points of a plane no three of which 
are collinear, a projective transformation leaving each of them inva- 
riant must also leave the intersection O of the lines 4B, CD invariant. 
By Assumption P it then leaves every point of each of the lines 4B, 
CD invariant. Any line of the plane which meets the lines 4B and 
CD in two distinct points is therefore invariant, as well as the inter- 
section of any two such lines. But any point of the plane may be 
determined as the intersection of two such lines. The proof for the 
case of a projective transformation leaving invariant five points no 
four of which are in the same plane is entirely similar. The existence 
of perspective collineations shows that the condition that no three 
(four) of the points shall be on the same line (plane) is essential. 


space. 


THEOREM 18. A projective collineation* between two planes (or 
within a single plane) is uniquely determined when four pairs of 
homologous points are given, provided no three of either set of four 
points are collinear. (A, E, P) 

Proof. Suppose there were two collineations 7r, 7, having the given 
pairs of homologous points. The collineation w,7~* is then, by the 
lemma, the identical collineation in one of the planes. This gives at 
once 7, = 7, contrary to the hypothesis. 


* We confine the statement to the case of the collineation for the sake of sim- 
plicity of enunciation. Projective transformations which are not collineations will 
be discussed in detail later, at which time attention will be called explicitly to the 
fundamental theorem, 


§ 35] THE FUNDAMENTAL THEOREM 97 


By precisely similar reasoning we have: 


THEOREM 19. A projective collineation in space is uniquely deter- 
mined when five pairs of homologous points are given, provided no 
Jour of either set of five points are in the same plane. (A, E, P) 

The fundamental theorem deserves its name not only because so 
large a part of projective geometry is logically connected with it, but 
also because it is used explicitly in so many arguments. It is indeed 
possible to announce a general course of procedure that appears in 
the solution of most “linear” problems, i.e. problems which depend on 
constructions involving points, lines, and planes only. If it is desired 
to prove that certain three lines J,, /,,/, pass through a point, find two 
other lines m,, m, such that the four points m,/,, m,/,, m,/,, mm, May 
be shown to be projective with the four points m,/,, m,l,, m,/,, mim, 
respectively. Then, since in this projectivity the point m,m, is self- 
corresponding, the three lines /,, /,, 7; joing corresponding points 
are concurrent (Theorem 17, Cor.). The dual of this method appears 
when three points are to be shown collinear. This method may be 
called the principle of projectivity, and takes its place beside the 
principle of duality as one of the most powerful instruments of pro- 
jective geometry. The theorems of the next section may be regarded 
as illustrations of this principle. They are all propositions from which 
the principle of projectivity could be derived, i.e. they are propositions 
which might be chosen to replace Assumption P. 

We have already said that ordinary real (or complex) space is a 
space in which Assumption P is valid. Any such space we call a 
properly projective space. It will appear in Chap. VI that there 
exist spaces in which this assumption is not valid. Such a space, 
ie. a space satisfying Assumptions A and E but not P, we will call 
an wnproperly projective space. 

From Theorem 15, Cor. 1 and Lemma 1, we then have 

THEOREM 20. A net of rationality in space is a properly projective 
space. (A, E) 

It should here be noted that if we added to our list of Assump- 
tions A and E another assumption of closure, to the effect that all 
points of space belong to the same net of rationality, we should 
obtain a space in which all our previous theorems are valid, in- 
cluding the fundamental theorem (without using Assumption P). 
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Such a space may be called a rational space. In general, it is clear 
that any complete five-point in any properly or improperly projective 
space determines a subspace which is rational and therefore properly 
projective. 

36. The configuration of Pappus. Mutually inscribed and circum- 
scribed triangles. 

THEOREM 21. Jf A, B, C are any three distinct points of a line l, 
and A', B', C0! any three distinct points of another line l' meeting lL, 
the three points of intersection of the pairs of lines AB' and A'B, BC' 
and B'C, CA! and C'A : 
are collinear. (A, E, P) C Z 





Fic. 44 


Proof. Let the three points of intersection referred to in the theorem 
be denoted by C”, A”, B" respectively (fig. 44). Let the line BC” 
meet the line B'C in a point D (to be proved identical with 4"); 
also let B’C" meet /' in A,, the line 4'B meet AC’ in B,, the line 4B’ 
meet 4’C in B}. We then have the following perspectivities : 


! 


A'O" B ao ere 4 C" B"D 
2 ad 576 Tie rae “a : 


By the principle of projectivity then, since in the projectivity thus 
established C” is self-corresponding, we conclude that the three lines 
A,A', B"B,, DB meet in the point C'’. Hence D is identical with 4”, 
and A", B", CO" are collinear, 

It should be noted that the figure of the last theorem is a con- 
figuration of the symbol 
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It is known as the configuration of Pappus.* It should also be noted 
that this configuration may be considered as a simple plane hexagon 
(six-point) inscribed in two intersecting lines. If the sides of such a 
hexagon be denoted in order by 1, 2, 3, 4, 5, 6, and if we call the sides 
1 and 4 opposite, likewise the sides 2 and 5, and the sides 3 and 6 (cf. 
Chap. IT, § 14), the last theorem may be stated in the following form: 


CoroLLaRy. Ifa simple hexagon be inscribed in two intersecting lines, 
the three pairs of opposite sides will intersect in collinear points.t 


Finally, we may note that the nine points of the configuration of 
Pappus may be arranged in sets of three, the sets forming three 
triangles, 1, 2, 3, such 
that 2 is inscribed in 
Ta 10, 2. and © iin 73. 
This observation leads 
to another theorem con- 
nected with the Pappus 
configuration. 


THEOREM 22. If 
A,B,C, be a triangle 
inscribed in a triangle 
A,B.C,, there exisis a 
certain set of triangles each of which is inscribed in the former and 
circumscribed about the latter. (A, E, P) 

Proof. Let [a] be the pencil of lines with center 4,; [0] the pencil 
with center B,; and [c] the pencil with center C, (fig. 45). Consider the 


Soaps B, 2 B,C, * sans 
perspectivities [a] a [0] = [c]. In the projectivity thus estab- 














lished between [a] and [c] the line 4,C, is self-corresponding ; the 
pencils of lines [a], [c] are therefore perspective (Theorem 17, Cor. 
(dual)). Moreover, the axis of this perspectivity is C,A,; for the lines 
A.C, and C,C, are clearly homologous, as also the lines 4, A, and C,A,. 
Any three homologous lines of the perspective pencils [@], [0], [¢] then 
form a triangle which is circumscribed about A,B,C, and inscribed 
in-AB;C,,. 

* Pappus, of Alexandria, lived about 340 a.p. A special case of this theorem may 


be proved without the use of the fundamental theorem (cf. Ex. 3, p. 52). 
+ In this form it is a special case of Pascal’s theorem on conic sections 


(cf. Theorem 8, Chap. V). 
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EXERCISES 


1. Given a triangle A BC and two distinct points A’, B’; determine a point C’ 
such that the lines A A’, BB’, CC’ are concurrent, and also the lines A B’, BC’, CA’ 
are concurrent, i.e. such that the two triangles are perspective from two dif- 
ferent points. The two triangles are then said to be doubly perspective. 

2. If two triangles ABC and A’B’C’ are doubly perspective in such a way 
that the vertices A, B, C' are homologous with A’, B’, C’ respectively in one 
perspectivity and with B’, C’, A’ respectively in the other, they will also be per- 
spective from a third point in such a way that A, B, C are homologous respec- 
tively with C’, A’, B’; i.e. they will be triply perspective. 

3. Show that if A”, B’, C” are the centers of perspectivity for the triangles 
in Ex. 2, the three triangles ABC, A’B’C’, A” B’ C” are so related that any two 
are triply perspective, the centers of perspectivity being in each case the vertices 
of the remaining triangle. The nine vertices of the three triangles form the 
points of a configuration of Pappus. 

4. Dualize Ex. 3. 


37. Construction of projectivities on one-dimensional forms. 
THEOREM 23. A necessary and sufficient condition for the projectivity 
on a line MNABX MNA'B'(M # N) is Q(MAB, NB'A’). (A, E, P) 
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Proof. Let n be any line on N not passing through 4 (fig. 46). Let 0, 
be any point not on 2 or on ALA, and let A, and B, be the intersections 
respectively of O,4 and O,B with n. Let O, be the intersection of 4/4, 
and B'B,. Then 


9 


r 0; > O TAI RI 
NAB = NA,B, Af LW od 


A 
By Theorem 17 the projectivity so determined on the line 4M is the 
seers MNAB< MNA'B'. 


The only possible double points of the projectivity are N and the 
intersection of AN with O,0,. Hence 0,0, passes through M, and 
Q(MAB, NB'4') is determined by the quadrangle O,0,4A,B,. 
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Conversely, if Q(MAB, NB'A') we have a quadrangle 0,0,4,B,, 
and hence 0 0 
NAB = NA,B, = NA'B', 


and by this construction J is self-corresponding, so that 
MNABX MN4A'B". 


If in the above construction we have M= JN, we obtain a projec- 
tivity with the single double point = N. | 
DEFINITION. A projectivity on a one-dimensional primitive form 
with a single double element is called parabolic. If the double ele- 
ment is M, and Ad’, BB’ are any two homologous pairs, the pro- 
jectivity is completely determined and is conveniently represented 
by MMAB x MMA'B". 
COROLLARY. A necessary and sufficient condition for a parabolic 
projectivity MMABX MMA'B' is Q(MAB, MB'A'). (A, E, P) 
THEOREM 24. If we have 
Q(ABC, A'B'C'), 
we have also O(AB'C', ABC). 
Proof. By the theorem above, 
Q (ABC, A'B'C’) 
implies AA'BC{ AA'C'B', 
which is the inverse of A’AB'C'= A’ ACB, 


which, by the theorem above, implies 
Q(A'B'C', ABC). 

The notation Q(ABC, A'B'C’) implies that A, B, C are the traces of a 
point triple of sides of the quadrangle determining the quadrangular set. 
The theorem just proved states the existence of another quadrangle 
for which 4’, B’, C' are a point triple, and consequently 4, B, C are a 
triangle triple. This theorem therefore establishes the existence of 
oppositely placed quadrangles, as stated in § 19, p. 50. This result 
can also be propounded as follows: 


THEOREM 25, [f two quadrangles RRR FR and Q,Q,0,Q, are so related 
—FP to Q, £ to Q,, ete. — that five of the sides RP (i, j =1,2, 3,4; 
#7) meet the five sides of the second which are opposite to Q,Q, in points 
of a line l, the remaining sides of the two quadrangles meet on l. (A,E, P) 
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Proof. The sides of the first quadrangle meet / in a quadrangular 
set Q (AAs Hy, Ff 4;); hence Q(Firhife AFF.) But, by hypoth- 
esis, five of the sides of the second quadrangle pass through these 
points as follows: QQ, through #,, Q,Q, through Fy, Q,Q, through £,, 
Q,Q, through £,, Y,Q, through F#,, Y,Q, through F,. As five of these 
conditions are satisfied, by Theorem 3, Chap. II, they must all be 
satisfied. ; 

EXERCISES 

1. Given one double point of a projectivity on a line and two pairs of 
homologous points, construct the other double point. 

2. If a,b, ¢ are three nonconcurrent lines and A’, B’, C’ are three collinear 
points, give a construction for a triangle whose vertices A, B, C are respectively 
on the given lines and whose sides BC, CA, AB pass respectively through the 
given points. What happens when the three lines a,b,c are concurrent? Dualize. 


38. Involutions. DEFINITION. If a projectivity in a one-dimensional 
form is of period two, it is called an involution. Any pair of homol- 
ogous points of an involution is called a conjugate pair of the involution 
or a pair of conjugates. 

It is clear that if an involution transforms a point 4 into a point 4’, 
then it also transforms 4’ into A; this is expressed by the phrase that 
the points A, A! correspond to each other doubly. The effect of an invo- 
lution is then simply a pairing of the elements of a one-dimensional 
form such that each element of a pair corresponds to the other ele- 
ment of the pair. This justifies the expression “a conjugate pair” 
applied to an involution. 

THEOREM 26. Jf for a single point A of a line which is not a double 
point of a prozectivity m on the line we have the relations m (A) =A! 
and w(A') =A, the projectivity is an involution. (A, E, P) 

Proof. For suppose P is any other point on the line (not a double 
point of 7), and suppose 7(P) =P’. There then exists a projectivity 


giving AA'PP! ~ A'AP'P 
(Theorem 2, Chap. III). By Theorem 17 this projectivity is 7, since 
it has the three pairs of homologous points 4, 4’; 4',4; P,P’. But 
in this projectivity P' is transformed into P. Thus every pair of 
homologous points corresponds doubly. 

CoroLLaRY. An involution is completely determined when two pairs 
of conjugate points are given. (A, K, P) 
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THEOREM 27. A necessary and sufficient condition that three pairs 
of points A, A'; B, B'; O, C' be conjugate pairs of an involution is 
Q(ABC, A'B'C'). (A, E, P) 

Proof. By hypothesis we have 

AA BCE AAS, 
By Theorem 2, Chap. III, we also have 
A'AB'C' = AA'C'B', 
which, with the first projectivity, gives 
AA'BC = AA'C'B’. 
A necessary and sufficient condition that the latter projectivity hold 
is Q(ABC, A'B'C’) (Theorem 23). 

Corouuary 1. Lf an involution has double points, they are harmonic 
conjugates with respect to every pair of the involution. (A, E, P) 

For the hypothesis 4 = 4’, B= B! gives at once H(AB, CC’) as the 
condition of the theorem. 


CoROLLARY 2. An involution is completely determined when two 
double points are given, or when one double point and one pair of 
conjugates are given. (A, E, P) 

CoroLLaRY 3. If M,N are distinct double points of a projectivity 
on a line, and A, A'; B, B' are any two pairs of homologous elements, 
the pairs M,N; A, B'; A', B are conjugate pairs of an involution.* 
(A, E, P) 

CoroLuary 4. Jf an involution has one double element, it has another 
distinct from the first. (A, E, H,, P) 

CoroLuary 5. The projectivity ABCD X ABDC between four dis- 
tinct points of a line implies the relation H(AB, CD). (A, E, P) 

For the projectivity is an involution (Theorem 26) of which 4, B 
are double points. The result then follows from Cor. 1. 

39. Axis and center of homology. 


THEOREM 28. Jf [A] and [B] THEOREM 28'. Jf [1] and [m] 
are any two projective pencils are any two projective pencils of 
of points in the same plane on lines in the same plane on distinct 

* This relation is sometimes expressed by saying, ‘‘ The pairs of points are in 


involution.’’ From what precedes it is clear that any two pairs of elements of a 
one-dimensional form are in involution, but in general three pairs are not. 
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distinct lines 1,, l,, there exists a 
line l such that if A,, B, and A,, B, 
are any two pairs of homologous 
points of the two pencils, the lines 
A,B, and A,B, intersect on I. 
(A, E, P) 

Derrnition. The line / is called 
the axis of homology of the two 
pencils of points. 
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points S,, S,, there exists a point S 
such that if a,, b, and a,, b, are 
any two pairs of homologous lines 
of the two pencils, the points a,b, 
and a,b, are collinear with S. 
(A, E, P) 

DEFINITION. The point S is 
called the center of homology of 
the pencils of lines. 


Proof. The two theorems being plane duals of each other, we may 


contine ourselves to the proof of the theorem on the left. From the 
projectivity [B] Z [A] follows 4,[B]Z B,[4] (fig. 47). But in this pro- 
jectivity the line 4, B, is self-corresponding, so that (Theorem 17, Cor.) 
l, 





l, 





B, B. B, 
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the two pencils are perspective. Hence pairs of corresponding lines 
meet on a line /; eg. the lines 4,B, and B,A, meet on / as well as 
A,B, and B,A,. To prove our theorem it remains only to show that 
B,A, and A,B, also meet on /. But the latter follows at once from 
Theorem 21, since the figure before us is the configuration of Pappus. 


Corotuary. Jf [A], [B] are not 
perspective, the axis of homology is 
the line joining the points homol- 
ogous with the point 11, regarded 
Jirst as a point of 1, and then as 
a point of 1. 


Corouuary. Jf [/], [m] are not 
perspective, the center of homology 
is the point of intersection of the 
lines homologous with the line S,S, 
regarded first as a line of [l] and 
then as a line of [m]. 


l 
For in the perspectivity 4,[B] = BIA] the line 7, corresponds to 


B,(1l,), and hence the point /,/, corresponds to J, in the projectivity 
[B] x [A]. Similarly, l/, corresponds to J,/,. 
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EXERCISES 


1. There is one and only one projectivity of a one-dimensional form leaving 
invariant one and only one element O, and transforming a given other element 
A to an element B. 

2. Two projective ranges on skew lines are always perspective. 

3. Prove Cor. 5, Theorem 27, without using the notion of involution. 

4. If MNABX MNA’B’, then MNAA’ MNBB’. 

5. If P is any point of the axis of homology of two projective ranges 
[A] [4], then the projectivity P[A]X P[B] is an involution. Dualize. 

6. Call the faces of one tetrahedron a,, ag, ag, ay and the opposite vertices 
A,, Ag, Ag, Ag respectively, and similarly the faces and vertices of another tetra- 
hedron £,, B2, Bs, B4 and B,, Bz, Bs, By. If Ay, Ag, Ag, Ag lie on B,, Bo, Bs, Be 
respectively, and B, lies on a,, Bz on a, B; on a3, then B, lies on ay. Thus 
each of the two tetrahedra related in this fashion is both inscribed and cir- 
cumscribed to the other. 

7. Prove the theorem of Desargues (Chap. II) by the principle of pro- 
jectivity. 

8. Given a triangle A BC and a point A’, show how to construct two points 
B’, C’ such that the triangles ABC and A’B’C’ are perspective from four 
different centers. 

9. If two triangles A,B,C, and A,B,C, are perspective, the three points 


(A, B,, A,B,) = Cy, (A, C,, 4.C1) = Bg, (B,C,, BLC\) = Ag, 


if not collinear, form a triangle perspective with the first two, and the three 
centers of perspectivity are collinear. 

* 10. (a) If wis a projectivity in a pencil of points [A] on a line a with inva- 
riant points A,, A,, and if [L], [/] are the pencils of points on two lines /, m 
through A,, A, respectively, show by the methods of Chap. III that there exist 
three points S,, S,, S, such that we have 








Re pie as 
(4) = [2] (= [41], 


wherew(A)=A’; that S,,S,,A, arecollinear; and that S,,S;,A, are collinear. 
(b) Using the fundamental theorem, show that there exists on the line S,A, 
a point S such that we have 


Seen 
[417 Liles [A’]. 


(c) Show that (2) could be used as an assumption of projectivity instead of 
Assumption P; i.e. P could be replaced by: If 7 is a projectivity with fixed 
points A,, Ay, giving r(A) = A’ in a pencil of points [A], and [L] is a pencil 
of points on a line 7 through A,, there exist two points S,, S, such that 


Sales 
[Ale lel [A’]. 


106 THE FUNDAMENTAL THEOREM [(Cuar. IV 


*11. Show that Assumption P could be replaced by the corollary of 
Theorem 17. 

* 12. Show that Assumption P could be replaced by the following: If we 
have a projectivity in a pencil of points defined by the perspectivities 


Rise % 
[4] = [2] = (4%), 


and [M] is the pencil of points on the line S,S,, there exist on the base of [LZ] 
two points Sj, Sj such that we have also 


See 
[x] 7 [M] 7 TGA 


40. Types of collineations in the plane. We have seen in the 
proof of Theorem 10, Chap. III, that if 0,0,0, is any triangle, there 
exists a collineation II leaving O,, O,, and O, invariant, and trans- 
forming any point not on a side of the triangle into any other such 


v V 
Fia, 48 


point. By Theorem 18 there is only one such collineation II. By the 
same theorem it is clear that II is fully determined by the projec- 
tivity it determines on two of the sides of the invariant triangle, say 
0,0, and 0,0, Hence, if H, is a homology with center O, and axis 
0,0;, Which determines the same projectivity as II on the line O,0,, 
and if H, is a homology with center O, and axis O,0,, which deter- 


mines the same projectivity as II on the line 0,0,, then it is evident 


that [ie Hees Her 
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It is also evident that no point not a vertex of the invariant triangle 
can be fixed unless II reduces to a homology or to the identity. Such 
a transformation IT when it is not a homology is said to be of Type J, 
and is denoted by Diagram J (fig. 48). 


EXERCISE 


Prove that two homologies with the same center and axis are commutative, 
and hence that two projectivities of Type 7 with the same invariant figure are 
commutative. 

Consider the figure of two points O,, O, and two lines o0,, 0,, such 
that O, and O, are on o0,, and 0, and 0, are on O,._ A collineation II 
which is the product of a homology H, leaving O, and 0, invariant, 
and an elation H, leaving O, and 0, invariant, evidently leaves this 
figure invariant and also leaves invariant no other point or line. If 4 
and B are two points not on the lines of the invariant figure, and we 


require that T1(4)=B 


this fixes the transformation (with two distinct double lines) among 
the lines at O,, and the parabolic transformation among the lines at O,, 
and thus determines II completely. Clearly if II is not to reduce to a 
homology or an elation, the line 48 must not pass through 0, or O,. 
Such a transformation II, when it does not reduce to a homology or 
an elation or the identity, is said to be of Type JI and is denoted by 
Diagram JT (fig. 48). 
EXERCISE 

Two projective collineations of Type J/, having the same invariant figure, 
are commutative. 

Derrnition. The figure of a point O and a line o on O is called a 
lineal element Oo. 

A collineation having a lineal element as invariant figure must effect 
a parabolic transformation both on the points of the line and on the 
lines through the point. Suppose Aa and Bb are any two lineal ele- 
ments whose points are not on o or collinear with O, and whose lines 
are not on O or concurrent with o. Let E, be an elation with center O 
and axis OA, which transforms the point (0a) to the point (00). Let E, 
be an elation of center (AB, 0) and axis 0, which transforms A to B. 
Then II = E,E, has evidently no other invariant elements than O and 0 
and transforms da to Bo. 
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Suppose that another projectivity II’ would transfer Aa to Bb with 
Oo as only invariant elements. The transformation II’ would evidently 
have the same effect on the lines of O and points of o as Il. Hence 
II'TI-! would be the identity or an elation. But as II'II~*(B)=B it 
would be the identity. Hence II is the only projectivity which trans- 
forms Aa to Bb with Oo as only invariant. 

A transformation having as invariant figure a lineal element and no 
other invariant point or line is said to be of Type JJ, and is denoted 
by Diagram J/T (fig. 48). 

A homology is said to be of Zype JV and is denoted by Diagram JV. 

An elation is said to be of Type V and is denoted by Diagram JV. 

It will be shown later that any collineation can be regarded as be- 
longing to one of these five types. The results so far obtained may be 
summarized as follows : 

THEOREM 29. A projective collineation with given invariant figure F, 
Uf of Type I or II will transform any point P not on a line of F into 
any other such point not on a line joining P to a point of F; if of 
Type III will transform any lineal element Pp such that p is not on 
a point, or P on a line, of F into any other such element Qq; if of 
Type IV or V, will transform any point P into any other point on the 
line joining P to the center of the collineation. 

The rdle of Assumption P is well illustrated by this theorem. In case of 
each of the first three types the existence of the required collineation was proved 
by means of Assumptions A and E, together with the existence of a sufficient 
number of points to effect the construction. But its uniqueness was established 


only by means of Assumption P. In case of Types JV and V, both existence 
and uniqueness follow from Assumptions A and E. 


EXERCISES 


1. State the dual of Theorem 29. 
2. If the number of points on a line is p + 1, the number of collineations 
with a given invariant figure is as follows: 
Type J, (p — 2)(p— 8). 
Type JT, (p— 2)(p—1). 
Type III, p(p—1)?. 
Type IV, p— 2. 
Type V, p—1. 
In accordance with the results of this exercise, when the number of points 
on a line is infinite it is said that there are o* transformations of Type J or IJ; 
o*® of Type IIT; and «1 of Types /V and V. 


CHAPTER V* 
CONIC SECTIONS 


41. Definitions. Pascal’s and Brianchon’s theorems. 

DEFINITION. The set of all points of intersection of homologous 
lines of two projective, nonperspective flat pencils which are on the 
same plane but not on the same point is called a point conic (fig. 49). 
The plane dual of a point conic is called a line conic (fig. 50). The 
space dual of a point conic is called a cone of planes; the space dual 





of a line conic is called a cone of lines. The point through which 
pass all the lines (or planes) of a cone of lines (or planes) is called 
the vertex of the cone. The point conic, line conic, cone of planes, 
and cone of lines are called one-dimensional forms of the second degree. 

The following theorem is an immediate consequence of this defi- 
nition. 

THEOREM 1. The section of a cone of lines by a plane not on the 
vertex of the cone is a point conic. The section of a cone of planes by 
a plane not on the vertex is a line cone. 

Now let A, and B, be the centers of two flat pencils defining a 
point conic. They are themselves, evidently, points of the conic, for the 
line 4,B, regarded as a line of the pencil on A, corresponds to some 
other line through B, (since the pencils are, by hypothesis, projective 


* All the developments of this chapter are on the basis of Assumptions A, E, P, 
and Ho ‘ 

+ A fifth one-dimensional form —a self-dual form of lines in space called the 
regulus — will be defined in Chap. XI. This definition of the first four one-dimen- 
sional forms of the second degree is due to Jacob Steiner (1796-1863). Attention 
will be called to other methods of definition in the sequel. 
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but not perspective), and the intersection of these homologous lines 
is B, The conic is clearly determined by any other three of its 
points, say A,, B,, C,, because the projectivity of the pencils is then 
determined by 
A,(A, 5,0) Ie B,(A,B,C,) 

(Theorem 17, Chap. IV). 

Let us now see how to determine a sixth point of the conic on a 
line through one of the given points, say on a line / through B,. If the 
line J is met by the lines 4,4,, 4,C,, B,A,, B,C, in the points S, 7,U, A 


Lie 2? 
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respectively (fig. 51), we have, by hypothesis, SB,77UB,A. The other 
double point of this projectivity, which we will call C,, is given by the 
quadrangular set Q(B,S7, C,AU) (Theorem 23, Chap. IV). A quad- 
rangle which determines it may be obtained as follows: Let the lines 
A,B, and A,B, meet in a point C, and the lines AC and 4,C, in a 
point B; then the required quadrangle is 4,4,CB, and C, is determined 
as the intersection of A,B with 1. 


C, will coincide with By, if and only if Bis on A,B, (fig. 52). This means 
that AC, A,C,, and A,B, are concurrent in B. In other words, A must be the 
point of intersection of B,C, with the line joining C = (A,B,)(A,B,) and 
B= (A,C,)(AgB,), and! must be the line joining B, and A. This gives, then, 
a construction for a line which meets a given conic in only one point. 


The result of the preceding discussion may be summarized as 
follows: The four points A,, B,, C,, C, are points of a point conic 
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determined by two projective pencils on A, and B,, if and only if the 
three points C =(A,B,)(A,B,), B=(A,C,) (A,C,), A = (B,C,) (B,C,) are 
coilinear. The three points in question are clearly the intersections 
of pairs of opposite sides of the simple hexagon 4,B,C,A,B,C,. 

Since 4,, B,, C, may be interchanged with 4,, B,, C, respectively 
in the above statement, it follows that 4,, B,, C,, C, are points of a 
conic determined by projective pencils on A, and B,. Thus, if C, is 
any point of the first conic, it is also a point of the second conic, 
and vice versa. Hence we have established the following theorem : 


THEOREM 2. STEINER’S THEOREM. Jf A and B are any two given 
points of a conic, and P is a variable point of this conic, we have 
aloe Lal. 

In view of this theorem the six points in the discussion may be 
regarded as any six points of a conic, and hence we have 


THEOREM 3. PASCAL’S THEOREM.* The necessary and sufficient con- 
dition that six points, no three of which are collinear, be points of 
the same conic is that the three pairs of opposite sides of a simple 
hexagon of which they are vertices shall meet in collinear points.t 


The plane dual of this theorem is 


THEOREM 3’, BRIANCHON’S THEOREM. The necessary and sufficient 
condition that six lines, no three of which are concurrent, be lines of 
a line conic is that the lines joining the three pairs of opposite vertices 
of any simple hexagon of which the given lines are sides, shall be 
concurrent. 


As corollaries of these theorems we have 


CoroLLary 1. A line in the plane of a point conte cannot have more 
than two points in common with the conie. 

CoroLLaRy 1’. A point in the plane of a line conic cannot be on 
more than two lines of the conie. 


* Theorem 3 was proved by B. Pascal in 1640 when only sixteen years of age. 
He proved it first for the circle and then obtained it for any conic by projection 
and section. This is one of the earliest applications of this method. Theorem 3’ 
was first given by C. J. Brianchon in 1806 (Journal de Ecole Polytechnique, 
Vol. VI, p. 801). 

+ The line thus determined by the intersections of the pairs of opposite sides of 
any simple hexagon whose vertices are points of a point conic is called the Pascal 
line of the hexagon. The dual construction gives rise to the Brianchon point of a 
hexagon whose sides belong to a line conic. 
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Also as immediate corollaries of these theorems we have 


TueoreM 4. There is one and only one point conic containing five 
given points of a plane no three of which are collinear. 

THEOREM 4'. There is one and only one line conie containing five 
given lines of a plane no three of which are concurrent. 


EXERCISES 


1. What are the space duals of the above theorems ? 

2. Prove Brianchon’s theorem without making use of the principle of 
duality. 

3. A necessary and sufficient condition that six points, no three of which 
are collinear, be points of a point conic, is that they be the points of inter- 
section (ab’), (be’), (ca’), (ba’), (cb’), (ac’) of the sides a, b, ce and a’, l’, e’ of two 
perspective triangles, in which a and a’, } and 0’, ¢ and ec’ are homologous. 


42. Tangents. Points of contact. Derrinirion. A line p in the 
plane of a point conic which meets the point conic in one and only 
one point P is called a tangent to the point conic at P. A point P in 
the plane of a line conic through which passes one and only one line 
p of the line conic is called a point of contact of the line conic on p. 

THEOREM 5. Through any point of a point conic there is one and 
only one tangent to the point conie. 

Proof. If F is the given point of the point conic and & is any 
other point of the point conic, while P is a variable point of this 
conic, we have, by Theorem 2, 

BLP] x ALP I. 
Any line through 7} meets its homologous line of the pencil on F in 
a point distinct from #, except when its homologous line is PR. 
Since a projectivity is a one-to-one correspondence, there is only one 
line on & which has #/P as its homologous line. 

THEOREM 5’, On any line of a line conic there is one and only one 
point of contact of the line conie. 


This is the plane dual of the preceding theorem. 


EXERCISE 
Give the space duals of the preceding definitions and theorems. 


Returning now to the construction in the preceding section for the 
points of a point conic containing five given points, we recall that 
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the point of intersection C, of a line / through B, was determined by 
the quadrangular set Q(B, ST, C,AU). The points B, and C, can, 
by the preceding theorem, coincide on one and only one of the lines 
through B,.* For this particular line /, 4 becomes the intersection 
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of the tangent at B, with B,C,, and the collinearity of the points A, B, C 
may be stated as follows: 


THEOREM 6. Jf the vertices of a simple plane five-point are points 
of a point conic, the tangent to the point conic at one of the vertices 
meets the opposite side in a point collinear with the points of inter- 
section of the other two pairs of nonadjacent sides. 


This theorem, by its derivation, is a degenerate case of Pascal’s 
theorem. It may also be regarded as a degenerate case in its state- 
ment, if the tangent be thought of as taking the place of one side 
of the simple hexagon. 

It should be clearly understood that the theorem has been obtained by 
specializing the figure of Theorem 3, and not by a continuity argument. 


The latter would be clearly impossible, since our assumptions do not require 
the conic to contain more than a finite number of points. 


Theorem 6 may be applied to the construction of a tangent to 
a point conic at any one of five given points Ff, B, R, A, & of the 
point conic (fig. 53). By this theorem the tangent p, at must be 


* As explained in the fine print on page 110, this occurs when / passes through 
the point of intersection of B,C2 with the line joining C = (A;By) (A,B) and 
B => (A 1C2) (A Bo). 
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such that the points p,(BR) =A, (RR) (FR) =B, and (RR) (RR)=C 
are collinear. But B and C are determined by &, &, &, F, F, and 
hence p, is the line joining # to the intersection of the lines BC 
and FR. 





Fie. 538 


In like manner, if f, &, &, &, and p, are given, to construct the 
point & on any line / through F of a point conic containing F, 2, &, Rh 
and of which », is the tangent at Ff, we need only determine the points 
A=p (BR), B=l(R#), and C=(AB) (ZR); then AC meets / in R 
(tig. 53). 
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In case / is the tangent p, at &, 2 coincides with B and the fol- 
lowing points are collinear (fig. 54): 


A=p, (fh), B= p, (ER), C= (LR) (L#)- 
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Hence we have the following theorem : 


THEOREM 7. Jf the vertices R, f, RB, FB, of a simple quadrangle are 
points of a point conic, the tangent at R and the side RP, the tangent 
at F and the side RE, and the pair of sides RP and BPR, meet in three 


collinear points. 


If #, B, R, Rand the tangent p, at B are given, the construction 
determined by Theorem 6 for a point & of the point conic on a line / 
through £ is as follows (fig. 53): Determine C=(fR) (PR), A=p,l, 
and B=(AC)(F£R); then RB meets / in F. 

In case / is the tangent at &, R coincides with F& and we have the 
result that C=(RR)(BR), A=p,p, B=(RE#)(ZR) are collinear 
points, which gives . 
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THEOREM 8. Jf the vertices of a complete quadrangle are points of 
a point conic, the tangents at a pair of vertices meet in a point of the 
line joining the diagonal points of the quadrangle which are not on 
the side joining the two vertices (fig. 55). 

The last two theorems lead to the construction for a point conic 
of which there are given three points and the tangents at two of 
them. Reverting to the notation of Theorem 7 (fig. 54), let the given 
points be 2, RB, RB and the given tangents be p,, p, Let / be any line 
through #. If & is the other point in which / meets the point conic, 
the points 4 = p, (RR), B= p, (BR), and C=(F/F) (ZA) are collinear. 
Hence, if C=/(PR) and B=p,(AC), then £ is the intersection of / 
with BR. 

In case / is the tangent p, at &, the points & and F coincide, and 


the points 
P(BA) PEA) Pit) 
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are collinear. Hence the two triangles RRR and p,p,p, are per- 
spective, and we obtain as a last specialization of Pascal’s theorem 
(fig. 56) 

THEOREM 9. A triangle whose vertices are points of a point conic 
is perspective with the triangle formed by the tangents at these points, 
the tangent at any vertex being homologous with the side of the first 
triangle which does not contain this vertex. 

CoroLuary. If RB, RB, B are three points of a point conic, the lines 
BP, RP are harmonic with the tangent at P, and the line joining P, 
to the intersection of the tangents at F and F, 

Proof. This follows from the definition of a harmonic set of lines, 
on considering the quadrilateral FA, AB, BF, FF (fig. 56). 





- 
ee on anon a 
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43. The tangents to a point conic form a line conic. If R, B, R, PR 
are points of a point conic and p,, p,, P,, p, are the tangents to the 
conic at these points respectively, then (by Theorem 8) the line join- 
ing the diagonal points (F[}) (434) and (FR) (2A) contains the inter- 
section of the tangents p,, p, and also the intersection of p,, p,. This 
line is a diagonal line not only of the quadrangle RR PP, but also of 
the quadrilateral p,p,p,p,. Theorem 8 may therefore be stated in 


the form: 

THEOREM 10. The complete quadrangle formed by four points of 
a point conic and the complete quadrilateral of the tangents at these 
points have the same diagonal triangle. 

Looked at from a slightly different point of view, Theorem 8 gives 
also 

THEOREM 11. The tangents to a point conic form a line conic. 


§ 43] TANGENTS 117 


Proof. Let F, &, R be any three fixed points on a conic, and let P 
be a variable point of this conic. Let p,, p,, p,, p be respectively the 
tangents at these points (fig. 57). By the corollary of Theorem 28, 
Chap. IV, FF is the axis of homology of the projectivity between the 
pencils of points on p, and p, defined by 


E\(P1 Pe) (PiPs) — (PoP) B(PoPs)- 


But by Theorem 10, if @=(F,R) (BP), the points pp,, p,p,, and Q are 
collinear. For the same reason the points p,p,, pp,, Q are collinear. 
It follows, by Theorem 28, Chap. IV, that the homolog of the variable 
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point p,p is p,p; i.e. p is the line joining pairs of homologous points 
on the two lines p,, p,, so that the totality of the lines p satisfies the 
definition of a line conic. 


CoroLLary. The center of homology of the projectivity R[P] x B[P] 
determined by the points P of a point conic containing Ff, FB is the 
intersection of the tangents at R, B. The axis of homology of the 
projectivity p,[ P| Ps [p] determined by the lines p of a line conic 
containing the lines p,, p, is the line joining the points of contact 
Of Py Po } 

THEOREM 12. Jf FB is a fixed and P a variable point of a point 
conic, and p,, p are the tangents at these two points respectively, then 
we have BLP) xp, [2]. 
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Proof. Using the notation of the proof of Theorem 11 (fig. 57), 


we have 
BLP) BlPl= leh 


where Q is always on PZ. But we also have 


PiPs 
[al a Pal PI, 


and, by Theorem 11, pl Pl ZK Pal?) 








Combining these projectivities, we have 
EL?) _ PLP]. 


The plane dual of Theorem 11 states that the points of contact of 
a line conic form a point conic. In view of these two theorems and 
their space duals we now make the following 

DEFINITION. A conte section or a conic is the figure formed by a 
point conic and its tangents. A cone is the figure formed by a cone 
of lines and its tangent planes. . 

The figure formed by a line conic and its points of contact is then 
likewise a conic as defined above; ie. a conic (and also a cone) is a 
self-dual figure. 

The duals of Pascal’s theorem and its special cases now give us a 
set of theorems of the same consequence for point conics as for line 
conics. We content ourselves with restating Brianchon’s theorem 
(Theorem 3’) from this point of view. 


BRIANCHON’S THEOREM. Jf the sides of a simple hexagon are tan- 
gents to a conic, the lines joining opposite vertices are concurrent ; 
and conversely. 

It follows from the preceding discussion that in forming the plane 
duals of theorems concerning conics, the word conic is left unchanged, 
while the words point (of a conic) and tangent (of a conic) are inter- 
changed. We shall also, in the future, make use of the phrase a conic 
passes through a point P, and P is on the conic, when P is a point 
of a conie, ete. 

Derinition. If the points of a plane figure are on a conic, the figure 
is said to be inseribed in the conic; if the lines of a plane figure 


are tangent toa conic, the figure is said to be circumscribed about 
the conic. 
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EXERCISES 


1. State the plane and space duals of the special cases of Pascal’s theorem. 

2. Construct a conic, given (1) five tangents, (2) four tangents and the 
point of contact of one of them, (8) three tangents and the points of contact’ 
of two of them. 

3. ABX is a triangle whose vertices are on a conic, and a, b, x are the tan- 
gents at A, B, X respectively. If A, B are given points and X is variable, 
determine the locus of (1) the center of perspectivity of the triangles ABX 
and abx; (2) the axis of perspectivity. 

4. X, Y, Z are the vertices of a variable triangle, such that X, Y are always 
on two given lines a, 6 respectively, while the sides XY, ZX, ZY always pass 
through three given points P, A, B respectively. Show that the locus of the 
point Z is a point conic containing A, B, D=(ab), M=(AP)b, and N=(BP)a 
(Maclaurin’s theorem). Dualize. (The plane dual of this theorem is known 
as the theorem of Braikenridge.) 

5. If a simple plane n-point varies in such a way that its sides always pass 
through n given points, while n — 1 of its vertices are always on n— 1 given 
lines, the nth vertex describes a conic (Poncelet). 

6. If the vertices of two triangles are on a conic, the six sides of these two 
triangles are tangents of a second conic; and conversely. Corresponding to 
every point of the first conic there exists a triangle having this point as a 
vertex, whose other two vertices are also on the first conic and whose sides 
are tangents to the second conic. Dualize. 

7. If two triangles in the same plane are perspective, the points in which 
the sides of one triangle meet the nonhomologous sides of the other are on 
the same conic; and the lines joining the vertices of one triangle to the non- 
homologous vertices of the other are tangents to another conic. 

8. If A, B, C, D be the vertices of a complete quadrangle, whose sides 
AB, AC, AD, BC, BD, CD are cut by a line in the points P, Q, Rk, S, T, V 
respectively, and if ZL, F, G, K, L, M are respectively the harmonic conjugates 
of these points with respect to the pairs of vertices of the quadrangle so that 
we have H(AB, PE), H(AC, QF), etc., then the six points E, F,G, K, L, M 
are on a conic which also passes through the diagonal points of the quadrangle 
(Holgate, Annals of Mathematics, Ser. 1, Vol. VII (1893), p. 73). 

9. If a plane a cut the six edges of a tetrahedron in six distinct points, 
and the harmonic conjugates of each of these points with respect to the two 
vertices of the tetrahedron that lie on the same edge are determined, then the 
lines joining the latter six points to any point O of the plane a are on a cone, 
on which are also the lines through O and meeting a pair of opposite edges of the 
tetrahedron (Holgate, Annals of Mathematics, Ser. 1, Vol. VII (1893), p. 73). 

10. Given four points of a conic and the tangent at one of them, construct 
the tangents at the other three points. Dualize. 

11. A, A’, B, B’ are the vertices of a quadrangle, and m, n are two lines 
inthe plane of the quadrangle which meet on AA’. M is a variable point 
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on m, the lines BM, B’M meet n in the points NV, N’ respectively; the lines 
AN, A’N’ meet in a point P. Show that the locus of the lines PM is a line 
conic, which contains the lines m, p = P(n, BB’), and also the lines A A’, BB’, 
A’B’, AB (Amodeo, Lezioni di Geometria Projettiva, Naples (1905), p. 331). 

12. Use the result of Ex. 11 to give a construction of a line conic deter- 
mined by five given lines, and show that by means of this construction it is 
possible to obtain two lines of the conic at the same time (Amodeo, loc. cit.). 

13. If a, b, c are the sides of a triangle whose vertices are on a conic, and 
m, m’ are two lines meeting on the conic which meet a, b, c in the points A, B, C 
and A’, B’, C’ respectively, and which meet the conic again in N, N’ respec- 
tively, we have ABCN 5 A’B’C’N’ (cf. Ex. 6). 

14. If A, B, C, D are points on a conic and a, b, c, d are the tangents to 
the conic at these points, the four diagonals of the simple quadrangle ABCD 
and the simple quadrilateral abed are concurrent. 


44. The polar system of a conic. 


THEOREM 13. Jf P is a point in 
the plane of a conic, but not on the 
conte, the points of intersection of 
the tangents to the conic at all the 
pairs of points which are collinear 
with Pareon aline,which also con- 
tains the harmonic conjugates of P 
with respect to these pairs of points. 


THEOREM 13’. [f p is a line in the 
plane of a conte, but not tangent to 
the conte, the lines joining the points 
of contact of pairs of tangents to the 
conic which meet on p pass through 
a point P, through which pass also 
the harmonic conjugates of p with 
respect to these pairs of tangents. 





Proof. Let F, Rand F,, F be two pairs of points on the conic which 
are collinear with P, and let p,, p, be the tangents to the conic at B, B 
respectively (fig. 58). If D,, D, are the points (BR)(BR) and (BR)\(BB) 
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respectively, the line D,D, passes through the intersection Q of p,, p, 
(Theorem 8). Moreover, the point P’ in which D,D, meets PB is the 
harmonic conjugate of P with respect to P, B (Theorem 6, Chap. IV). 
This shows that the line D,D,= QP’ is completely determined by the 
pair of points #, 2. Hence the same line QP’ is obtained by replacing 
f;, F; by any other pair of points on the conic collinear with P, and 


distinct from B, P. 
plane dual of Theorem 13. 


Derinition. The line thus asso- 
ciated with any point P in the 
plane of a conic, but not on the 
conic, is called the polar of P 
with respect to the conic. If P 
is a point on the conic, the polar 
is defined as the tangent at P. 


THEOREM 14. The line joining 
two diagonal points of any com- 
plete quadrangle whose vertices 
are points of a conic is the polar 
of the other diagonal point with 
respect to the conte. 


This proves Theorem 13. Theorem 13’ is the 


DEFINITION. The point thus 
associated with any line p in the 
plane of a conic, but not tangent 
to the conic, is called the pole of p 
with respect to the conic. If p is 
a tangent to the conic, the pole is 
defined as the point of contact of P. 


THEOREM 14’. The point of 
intersection of two diagonal lines 
of any complete quadrilateral 
whose sides are tangent to a conic 
is the pole of the other diagonal 
line with respect to the conie. 


Proof. Theorem 14 follows immediately from the proof of Theo- 
rem 13. Theorem 14’ is the plane dual of Theorem 14 


THEOREM 15. The polar of a 
point P with respect to a conic 
passes through the points of con- 
tact of the tangents to the conte 
through P, if such tangents exist. 


THEOREM 15!, The pole of a 
line p with respect to a conic is 
on the tangents to the conic at the 
points in which p meets the conie, 
uf such points exist. 


Proof. Let RB be the point of contact of a tangent through P, and 
let B, B be any pair of distinct points of the conic collinear with P. 
The line through B& and the intersection of the tangents at 2, 7} 
meets the line BP in the harmonic conjugate of P with respect to 
R, P, (Theorem 9, Cor.). But the line thus determined is the polar of P 
(Theorem 13). This proves Theorem 15. Theorem 15’ is its plane dual. 


THEOREM 16. Jf p is the polar of a point P with respect to a conte, 
P is the pole of p with respect to the same conte. 
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If P is not on the conic, this follows at once by comparing Theo- 
rem 13 with Theorem 13’. If P is on the conic, it follows immediately 
from the definition. 

TuEorEM 17. Jf the polar of a point P passes through a point Q, 
the polar of Q passes through P. 

Proof. lf P or Q is on the conic, the theorem is equivalent to 
Theorem 15. If neither P nor Q is on the conic, let PF be a line 





Ee 


Fia, 59 


meeting the conic in two points, #, &. If one of the lines FQ, BQ 
is a tangent to the conic, the other is also a tangent (Theorem 13); 
the line FE = FP is then the polar of Q, which proves the theorem 
under this hypothesis. If, on the other hand, the lines 2Q, RQ meet 
the conic again in the points 4, F respectively (fig. 59), the point 
(FF) (ZF) is on the polar of Q@ (Theorem 14). By Theorems 13 and 14 
the polar of (7A) (4A) contains the intersection of the tangents at 
Ff, FB and the point @. By hypothesis, however, and Theorem 13, the 
polar of P contains these points also. Hence we have (R B)(RP)= P, 
which proves the theorem. 

Corotuary 1. Lf two vertices of a triangle are the poles of their 
opposite sides with respect to a conic, the third vertex is the pole of 
its opposite side. 

Derrinition. Any point on the polar of a point P is said to be 
conjugate to P with regard to the conic; and any line on the pole 
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of a line p is said to be conjugate to p with regard to the conic. 
The figure obtained from a given figure in the plane of a conic by 
constructing the polar of every point and the pole of every line of 
the given figure with regard to the conic is called the polar or polar 
reciprocal of the given figure with regard to the conic.* A triangle, 
of which each vertex is the pole of the opposite side, is said to be 
self-polar or self-conjugate with regard to the conic. 


CoROLLARY 2. The diagonal triangle of a complete quadrangle whose 
vertices are on a conic, or of a complete quadrilateral whose sides are 
tangent to a conic, is self-polar with regard to the conic ; and, conversely, 
every self-polar triangle is the diagonal triangle of a complete quad- 
rangle whose points are on the conic, and of a complete quadrilateral 
whose sides are tangent to the conic. Corresponding to a given self-polar 
triangle, one vertex or side of such a quadrangle or quadrilateral may 
be chosen arbitrarily on the conve. 

Theorem 17 may also be stated as follows: If P is a variable point 
on a line q, its polar p is a variable line through the pole Q of g. In the 
special case where q is a tangent to the conic, we have already seen 
(Theorem 12) that we have | 

[P] x [P]- 

If Q is not on g, let A (fig. 60) be a fixed point on the conic, a the 
tangent at A, XY the point (distinct from A, if AP is not tangent) in 
which AP meets the conic, and z the tangent at X. We then have, by 


Theorem 12, 
[P] = 4[X] ~ ale] =@[(a2)]. 


By Theorem 13, (ax) is on p, and hence p = Q (ax). Hence we have 

[F1 x [PI 
If P’ is the point pq, this gives 

= i! 

[Pq [LF } 
But since the polar of P’ also passes through P, this projectivity is 
an involution. The result of this discussion may then be stated as 
follows: 

* It was by considering the polar reciprocal of Pascal’s theorem that Brianchon 

derived the theorem named after him. This method was fully developed by Poncelet 


and Gergonne in the early part of the last century in connection with the principle 
of duality. 


> 
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THEOREM 18. On any line not a tangent to a given conic the pairs 
of conjugate points are pairs of an involution. If the line meets the 
conic in two points, these points are the double points of the involution. 

CoronLary. As a point P varies over a pencil of points, its polar 
with respect to any conic varies over a projective pencil of lines. 





Fig. 60 


DeriniTion. The pairing of the points and lines of a plane brought 
about by associating with every point its polar and with every line its 
pole with respect to a given conic in the plane is called a polar system. 


EXERCISES 


1. If in a polar system two points are conjugate to a third point A, the 
line joining them is the polar of A. 

2. State the duals of the last two theorems. 

3. If a and } are two nonconjugate lines in a polar system, every point A 
of a has a conjugate point Bon b. The pencils of points [A] and [B] are 
projective ; they are perspective if and only if a and } intersect on the conic 
of the polar system. 

4. Let A be a point and >} a line not the polar of A with respect to a given 
conic, but in the plane of the conic. If on any line/ through A we determine 
that point P which is conjugate with the point Jb, the locus of P is a conic 
passing through A and the pole B of b, unless the line AB is tangent to the 
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conic, in which case the locus of P is aline. If AB is not tangent to the conic, 
the locus of P also passes through the points in which } meets the given conic 
(if such points exist), and also through the points of contact of the tangents to 
the given conic through A (if such tangents exist). Dualize (Reye-Holgate, 
Geometry of Position, p. 106). 

5. If the vertices of a triangle are on a given conic, any line conjugate to 
one side meets the other two sides in a pair of conjugate points. Conversely, 
a line meeting two sides of the triangle in conjugate points passes through 
the pole of the third side (von Staudt). 

6. If two lines conjugate with respect to a conic meet the conic in two 
pairs of points, these pairs are projected from any point on the conic by a 
harmonic set of lines, and the tangents at these pairs of points meet any 
tangent in a harmonic set of points. 

7. With a given point not on a given conic as center and the polar of this 
point as axis, the conic is transformed into itself by a homology of period two. 

8. The Pascal line of any simple hexagon whose vertices are on a conic is 
the polar with respect to the conic of the Brianchon point of the simple hexagon 
whose sides are the tangents to the conic at the vertices of the first hexagon. 

9. If the line joining two points A, B, conjugate with respect to a conic, 
meets the conic in two points, these two points are harmonic with A, B. 

10. If in a plane there are given two conics C? and C?, and the polars of 
all the points of C? with respect to C? are determined, these polars are the 
tangents of a third conic. 

11. If the tangents to a given conic meet a second conic in pairs of points, 
the tangents at these pairs of points meet on a third conic. 

12. Given five points of a conic (or four points and the tangent through 
one of them, or any one of the other conditions determining a conic), show 
how to construct the polar of a given point with respect to the conic. 

13. If two pairs of opposite sides of a complete quadrangle are pairs of 
conjugate lines with respect to a conic, the third pair of opposite sides are 
conjugate with respect to the conic (von Staudt). 

14. If each of two triangles in a plane is the polar of the other with respect 
to a conic, they are perspective, and the axis of perspectivity is the polar of the 
center of perspectivity (Chasles). 

15. Two triangles that are self-polar with respect to the same conic have 
their six vertices on a second conic and their six sides tangent to a third 
conic (Steiner). 

16. Regarding the Desargues configuration as composed of a quadrangle 
and a quadrilateral mutually inscribed (cf. § 18, Chap. Il), show that the 
diagonal triangle of the quadrangle is perspective with the diagonal triangle 
of the quadrilateral. 

17. Let A, B be any two conjugate points with respect to a conic, and let 
the lines AM, BM joining them to an arbitrary point of the conic meet the 
latter again in the points C, D respectively. The lines 4 D, BC will then meet 
on the conic, and the lines CD and AB are conjugate. Dualize. 
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45. Degenerate conics. For a variety of reasons it is desirable to 
regard two coplanar lines or one line (thought of as two coincident 
lines) as degenerate cases of a point conic; and dually to regard 
two points or one point (thought of as two coincident points) as 
degenerate cases of a line conic. This conception makes it possible 
to leave out the restriction as to the plane of section in Theorem 1. 
For the section of a cone of lines by a plane through the vertex of 
the cone consists evidently of two (distinct or coincident) lines, i.e. 
of a degenerate point conic; and the section of a cone of planes by 
a plane through the vertex of the cone is the figure formed by some 
or all the lines of a flat pencil, ie. a degenerate line conic. 


EXERCISE 


Dualize in all possible ways the degenerate and nondegenerate cases of 
Theorem 1. 

Historically, the first definition of a conic section was given by the ancient 
Greek geometers (e.g. Menechmus, about 350 B.c.), who defined them as the 
plane sections of a ‘‘right circular cone.’’ In a later chapter we will show 
that in the ‘‘ geometry of reals ’’ any nondegenerate point conic is projectively 
equivalent to a circle, and thus that for the ordinary geometry the modern 
projective definition given in § 41 is equivalent to the old definition. We are 
here using one of the modern definitions because it can be applied before devel- 
oping the Euclidean metric geometry. 

Degenerate conics would be included in our definition (p. 109), if 
we had not imposed the restriction on the generating projective 
pencils that they be nonperspective; for the locus of the point of 
intersection of pairs of homologous lines in two perspective flat 
pencils in the same plane consists of the axis of perspectivity and 
the line joining the centers of the pencils. 

Tt will be seen, as we progress, that many theorems regarding non- 
degenerate conics apply also when the conics are degenerate. For 
example, Pascal’s theorem (Theorem 3) becomes, for the case of a 
degenerate conic consisting of two distinct lines, the theorem of 
Pappus already proved as Theorem 21, Chap. IV (cf. in particular the 
corollary). The polar of a point with regard to a degenerate conic 
consisting of two lines is the harmonic conjugate of the point with 
respect to the two lines (cf. the definition, p. 84, Ex. 7). Hence the 
polar system of a degenerate conic of two lines (and dually of two 
points) determines an involution at a point (on a line). 
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EXERCISES 


1. State Brianchon’s theorem (Theorem 3’) for the case of a degenerate 
line conic consisting of two points. 

2. Examine all the theorems of the preceding sections with reference to 
their behavior when the conic in question becomes degenerate. 


46. Desargues’s theorem on conics. 


THEOREM 19. If the vertices of a complete quadrangle are on a conic 
which meets a line in two points, the latter are a pair in the invo- 
lution determined on the line by the pairs of opposite sides of the 
quadrangle.* 

Proof. Reverting to the proof of Theorem 2 (fig. 51), let the line 
meet the conic in the points B,, C, and let the vertices of the quad- 
rangle be A,, 4,, B,, C,. This quadrangle determines on the line an 
involution in which S, 4 and 7, U are conjugate pairs. But in the 
proof of Theorem 2 we saw that the quadrangle 4,4, BC determines 
Q(B, ST, C,AU). Hence the two quadrangles determine the same 
involution on the line, and therefore B,, C, are a pair of the involution 
determined by the quadrangle 4,4, B,C,. 

Since the quadrangles 4,4,B,C, and .4,4,BC determine the same 
involution on the line when the latter is a tangent to the conic, we 
have as a special case of the above theorem: 


Corotuary. Jf the vertices of a complete quadrangle are on a conic, 
the pairs of opposite sides meet the tangent at any other point in pairs 
of an involution of which the point of contact of the tangent is a double 
point. 

The Desargues theorem leads to a slightly different form of statement for 
the construction of a conic through five given points: On any line through 
one of the points the complete quadrangle of the other four determine an 
involution; the conjugate in this involution of the given point on the line 
is a sixth point on the conic. 


As the Desargues theorem is related to the theorem of Pascal, so 
are certain degenerate cases of the Desargues theorem related to the 
degenerate cases of the theorem of Pascal (Theorems 6,7, 8,9). Thus 
in fig. 53 we see (by Theorem 6) that the quadrangle BCE FR, deter- 
mines on the line 2P an involution in which the points #, 7 of the 
conic are one pair, while the points determined by p,, 2. and those 


* First given by Desargues in 1639; cf. GSuvres, Paris, Vol. I (1864), p. 188. 
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determined by BP, PP are two other pairs. This gives the following 
special case of the theorem of Desargues: 


THEOREM 20. Jf the vertices of a triangle are on a conic, and a line | 
meets the conic in two points, the latter are a pair of the involution 
determined onl by the pair of points in which two sides of the triangle 
meet l, and the pair in which the third side and the tangent at the 
opposite vertex meet l. In case 1 is a tangent to the conic, the point of 
contact is a double point of this involution. 

In terms of this theorem we may state the construction of a conic through 
four points and tangent to a line through one of them as follows: On any line 
through one of the points which is not on the tangent an involution is deter- 
mined in which the tangent and the line passing through the other two points 
determine one pair, and the lines joining the point of contact to the other two 
points determine another pair. The conjugate of the given point on the line 
in this involution is a point of the conic. 

A further degenerate case is derived either from Theorem 7 or 
Theorem 8. In fig. 54 (Theorem 7) let / be the line RR. The quad- 
rangle ABFA, determines on / an involution in which &, & are one 
pair, in which the tangents at A, A determine another pair, and in 
which the line AF determines a double point. Hence we have 


THEOREM 21. Jf a line | meets a conic in two points and BR, BR are 
any other two points on the conic, the points in which 1 meets the conte 
are a pair of an involution through a double point of which passes the 
line RR and through a pair of conjugate points of which pass the 
tangents at Ff, FR. If l is tangent to the conic, the point of contact ts 
the second double point of this involution. 

The construction of the conic corresponding to this theorem may be stated 
as follows: Given two tangents and their points of contact and one other point 
of the conic. On any line / through the latter point is determined an involution 
of which one double point is the intersection with / of the line joining the two 
points of contact, and of which one pair is the pair of intersections with J of 


the two tangents. The conjugate in this involution of the given point of the 
conic on / is a point of the conic. 


EXERCISE 
State the duals of the theorems in this section. 
47. Pencils and ranges of conics. Order of contact. The theorems 


of the last section and their plane duals determine the properties of 
certain systems of conics which we now proceed to discuss briefly. 
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DEFINITION. Theset of all conics 
through the vertices of a complete 
quadrangle is called a pencil of 
conics of Type I (fig. 61). 
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DEFINITION. The set of all conics 
tangent to the sides of a complete 
quadrilateral is called a range of 
conics of Type I (fig. 62). 


Theorem 19 and its plane dual give at once: 


THEOREM 22. Any line (not 
through a vertex of the deter- 
mining quadrangle) is met by the 
conics of a pencil of Type I in the 
pairs of an involution.* 


THEOREM 22’. The tangents 
through any point (not on a side 


of the determining quadrilateral) 
to the conics of a range of Type I 
are the pairs of an involution. 





Fie. 68 
CoroLLaARY. Through a gen- 
eralt point in the plane there ts 
one and only one, and tangent to 
a general line there are two or no 
conics of a given pencil of Type I. 


Fic. 64 
CoroLLARY. Tangent to a gen- 
eral line in the plane there is one 
and only one, and through a gen- 
eral point there are two or no 
conics of a gwen range of Type I. 


* This form of Desargues’s theorem is due to Ch. Sturm, Annales de Mathéma- 


tiques, Vol. X VII (1826), p. 180. 


+ The vertices of the quadrangle are regarded as exceptional points. 


130 CONIC SECTIONS [Cuar. V 


DeFINITION. The set of all conics 
through the vertices of a triangle 
and tangent to a fixed line through 
one vertex is called a pencil of 
conics of Type II (fig. 63). 


DEFINITION. The set of all conics 
tangent to the sides of a triangle 
and passing through a fixed point 
on one side is called a range of 
conics of Type ITI (fig. 64). 


Theorem 20 and its plane dual then give at once: 


THEOREM 23. Any line in the 
plane of a pencil of conics of 
Type II (which does not pass 
through a vertex of the determin- 
ing triangle) is met by the conics 
of the pencil in the pairs of an 
involution. 

CoroLtuary. Through a general 
point in the plane there is one and 
only one conic of the pencil; and 
tangent to a general line in the 
plane there are two or no conics 


of the pencil. 


THEOREM 23’. The tangents 
through any point in the plane 
of a range of conics of Type II 
(which is not on a side of the 
determining triangle) to the conics 
of the range are the pairs of an 
involution. 

CoROLLARY. Tangent to a gen- 
eral line in the plane there ts one 
and only one conic of the range; 
and through a general point in 
the plane there are two or no 
conics of the range. 


DEFINITION. The set of all conics through two given points and 


tangent to two given lines through these points respectively is called 


Kia, 65 


a pencil or range of conics of Type 
IV * (fig. 65). 

Theorem 21 now gives at once: 

THEOREM 24, Any line in the plane 
of a pencil of conics of Type IV (which 
does not pass through either of the 
points common to all the conics of 
the pencil) is met by the conics of the 
pencil in the pairs of an involution. 
Through any point in the plane (not 
on either of the lines that are tangent 
to all the conics of the pencil) the 


tangents to the conies of the pencil are the pairs of an involution. The 
line joining the two points common to all the conics of the pencil meets 


* The classification of pencils and ranges of conics into types corresponds to the 
classification of the corresponding plane collineations (cf. Exs. 2, 4, 7, below). 
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any line in a double point of the involution determined on that line. 
And the point of intersection of the common tangents is joined to any 
point by a double line of the involution determined at that point. 

CoRoLLaRY. Through any general point or tangent to any general 
line in the plane there is one and only one conic of the pencil. 


EXERCISES 


1. What are the degenerate conics of a pencil or range of Type J? The 
diagonal triangle of the fundamental quadrangle (quadrilateral) of the pencil 
(range) is the only triangle which is self-polar with respect to two conics of 
the pencil (range). 

2. Let A? and B? be any two conics of a pencil of Type J, and let P be any 
point in the plane of the pencil. If p is the polar of P with respect to 4?, and 
P’ is the pole of p with respect to B?, the correspondence thus established 
between [P] and [P’] is a projective collineation of Type J, whose invariant 
triangle is the diagonal triangle of the fundamental quadrangle. Do all pro- 
jective collineations thus determined by a pencil of conics of Type J form a 
group? Dualize. 

3. What are the degenerate conics of a pencil or range of Type JJ? 

4. Let a pencil of conics of Type J be determined by a triangle A BC and 
a tangent a through A. Further, let a’ be the harmonic conjugate of a with 
respect to AB and AC, and let A’ be the intersection of a and BC. Then 
A,aand A’, a’ are pole and polar with respect to every conic of the pencil; and 
no pair of conics of the pencil have the same polars with regard to any other 
points than A and A’. Dualize, and show that all the collineations determined 
as in Ex. 2 are in this case of Type JJ. 

5. What are the degenerate conics of a pencil or range of Type JV? 

6. Show that any point on the line joining the two points common to all 
the conics of a pencil of Type JV has the same polar with respect to all the 
conics of the pencil, and that these all pass through the point of intersection 
of the two common tangents. 

7. Show that the collineations determined by a pencil of Type JV by the 
method of Ex. 2 are all homologies (i.e. of Type JV). 


* The pencils and ranges of conics thus far considered have in com- 
mon the properties (1) that the pencil (range) is completely defined 
as soon as two conics of the pencil (range) are given; (2) the conics 
of the pencil (range) determine an involution on any line (point) in 
the plane (with the exception of the lines (points) on the determining 
points (lines) of the pencil (range)). Three other systems of conics may 
be defined which likewise have these properties. These new systems 


* The remainder of this section may be omitted on a first reading. 


— 
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may be regarded as degenerate cases of the pencils and ranges already 
defined. Their existence is established by the theorems given below, 
which, together with their corollaries, may be regarded as degenerate 
cases of the theorem of Desargues. We shall need the following 


Lemma. Any conic is transformed by a projective collineation in 
the plane of the conic into a conte such that the tangents at homologous 
points are homologous. 


Proof. This follows almost directly from the definition of a conic. 
Two projective flat pencils are transformed by a projective collineation 
into two projective flat pencils. The intersections of pairs of homologous 
lines of one pencil are therefore transformed into the intersections 
of the corresponding pairs of homologous lines of the transformed 
pencils. If any line meets the first conic in a point P, the transformed 
line will meet the transformed conic in the point homologous with P. 
Therefore a tangent at a point of the first conic must be transformed 
into the tangent at the corresponding point of the second conic. 


THEOREM 25. Jf a line p, is a tangent to a conte A* at a point P,, 
and Q is any point of A’, then through any point on the plane of A” 
but not on A® or p,, 
there is one and only 
one conic B* through 
F, and Q, tangent to 
Po and such that there 
ws no point of p,, ex- 
cept R, having the same 
polar with regard to 
Fig. 66 both A? and B?. 





Proof. lf P' is any point of the plane not on p, or A*, let P be 
the second point in which RP’ meets 4’ (fig. 66). There is one and 
only one elation with center R and axis RQ changing P into P' 
(Theorem 9, Chap. III). This elation (by the lemma above) changes 
A* into another conic B’ through the points R and @ and tangent 
to py). The lines through RB are unchanged by the elation, whereas 
their poles (on p,) are subjected to a parabolic projectivity. Hence 
no point on p, (distinct from #) has the same polar with regard to A? 
as with regard to B°. Since A’ is transformed into B? by an elation, 
the two conics can have no other points in common than P and Q. 
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That there is only one conic B* through P’ satisfying the con- 
ditions of the theorem is to be seen as follows: Let QP meet p, in 
S,and QP’ meet p, in S’ (fig. 66). The point S has the same polar 
with regard to A’ as S’ with regard to any conic B’, since this polar 
must be the harmonic conjugate of p, with regard to BQ and BP. 
Let p be the tangent to A’? at P and p’ be the tangent to B? at P’, 
and let p and p’ meet p, in Z and JZ” respectively. The points 





E£ R M, 
Fic. 67 


T and 7’ have the same polar, namely PP, with regard to A* and 
any conic B®. By the conditions of the theorem the projectivity 
eS Lee Lois La 
must be parabolic. Hence, by Theorem 23, Cor., Chap. IV, 
OCS Ts Pe cs). 
Hence p and p/ must meet on LQ in a point & so as to form the quad- 
rangle RQPP’. This determines the elements P, Q, P', p,, p! of B’, 
and hence there is only one possible conic B’. 

CoroLLaRY 1. The conics A? and B? can have no other points in 
common than P, and Q. 

CoroLLaRry 2. Any line I not on R or Q which meets A*® and B? 
meets them in pairs of an involution in which the points of intersection 
of 1 with PQ and p, are conjugate. 

Proof. Let 1 meet A? in N and W,, B’? in Land L,, RQ in M, and 
p, in M, (fig. 67). Let K and K, be the points of A* which are trans- 
formed by the elation into Z and L, respectively. By the definition of 
an elation K and K, are collinear with M, while XK is on the line LF 
and K,,on L,R. Let, KN, meet p, in &, and NR meet KK, in S. 
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Then, since WV, K, V,, K, are on the conic to which p, is tangent at 4, we 
have, by Theorem 6, applied to the degenerate hexagon 2,4 K, KN,N, 
that S, Z,, and #& are collinear. Hence the complete quadrilateral 
SR, KN,, KK,, l has pairs of opposite vertices on RM and LM, LN 


and PN, BL and RL, Hence Q(MNL, M,N,L,).* 


Derinition. The set of all conics 
through a point Y and tangent to 
a line p, at a point A, and such 
that no point of p, except R has 
the same polar with regard to two 
conics of the set, is called a pencil 
of cones of Type III (fig. 68). 


DEFINITION. Theset of all conics 
tangent to a line g and tangent to 
a line p, at a point R, and such 
that no line on P except p, has 
the same pole with regard to two 
conics of the set, is called a range 
of conis of Type ITI (fig. 69). 


OC 


Fic. 68 


Fie. 69 


Two conics of such a pencil (range) are said to have contact of the 


second order, or to osculate, at F. 


Corollary 2 of Theorem 25 now gives at once: 


THEOREM 26. Any line in the 
plane of a pencil of conics of 
Type LIT, which is not on either of 
the common points of the pencil, is 
met by the conics of the pencil in the 
pairs of an involution. Through 
any point in the plane except the 
common points there is one and 
only one conic of the pencil; and 
tangent to any line not through 
either of the common points there 
are two or no conics of the pencil. 


THEOREM 26, Through any point 
in the plane of a range of conics of 
Type ITI, which is not on either of 
the common tangents of the range, 
the tangents to the conics of the pen- 
cul are the pairs of an involution. 
Tangent to any line in the plane ex- 
cept the common tangents there ts 
one and only one conte of the range; 
and through any point not on either 
of the common tangents there are 
two or no conics of the range. 


* This argument has implicitly proved that three pairs of points of a conic, as 
KKy, Nj, PoQ, such that the lines joining them meet in a point M, are projected 
from any point of the conic by a quadrangular set of lines (Theorem 16, Chap. Vin), 
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The pencil is determined by The range is determined by 
the two common points, the com- the two common tangents, the 
mon tangent, and one conic of the common point, and one conic of 
pencil. the range. 


EXERCISES 


1. What are the degenerate conics of this pencil and range? 

2. Show that the collineation obtained by making correspond to any point P 
the point P’ which has the same polar p with regard to one given conic of the 
pencil (range) that P has with regard to another given conic of the pencil (range) 
is of Type J/I, 

THEOREM 27. Jf a line p, is tangent to a conic A* at a point R, 
there is one and only one conic tangent to p, at R and passing 
through any other point P! of the plane of A’ not on p, or A? 
which determines for every point of p, the same polar line as does A”. 

Proof. Let P be the second point in which RP! meets A’ (fig. 70). 
There is one and only one elation of which F is center and », axis, 
changing P to P’. This elation changes A’ into a conic B* through 





Fia. 70 


P', and is such that if g is any tangent to A’ at a point Q, then q is 
transformed to a tangent q’ of B’ passing through qp,, and is trans- 
formed into the point of contact Q! of q', collinear with Q and £. 
Hence there is one conic of the required type through P’. 

That there is only one is evident, because if / is any line through P’, 
any conic B? must pass through the fourth harmonic of P’ with regard 
io Up, and the polar of lp, as to A’ (Theorem 13). By considering two 
lines 7 we thus determine enough points to fix B’. 

CoroLuary 1. By duality there is one and only one conic B* tangent 
to any line not passing through f. 
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CoroLLaRY 2. Any line | not on R which meets A’? and B* meets 
them in pairs of an involution one double point of which is lp,, and 
the other the point of l conjugate to lp, with respect to A*. A dual 
statement holds for any point L not on py. 

CoroLuary 3. The conics A? and B* can have no other point in 
common than P. and no other tangent in common than p,. 


Proof. If they had one other point P in common, they would have 
in common the conjugate of P in the involution determined on any 
line through P according to Corollary 2. 

DEFINITION. The set of all conics tangent to a given line p, at a 
given point &, and such that each point on p, has the same polar 
with regard to all conics of the set, is called a pencil or range of 
conics of Type V. Two conics of such a pencil are said to have 
contact of the third order, or to hyperosculate at F. 

Theorem 27 and its first two corollaries now give at once: 


THEOREM 28. Any line | not on the common point of a pencil of 
Type V is met by the conics of the pencil in pairs of an involution 
one double point of which is the intersection of 1 with the common 
tangent. Through any point L not on the common tangent the pairs 
of tangents to the conics of the pencil form an involution one double 
line of which is the line yoining L to the common point. There is one 
conic of the set through each point of the plane not on the common 
tangent, and one conic tangent to each line not on the common point. 


The pencil or range is determined by the common point, the common 
tangent, and one conic of the set. 


EXERCISES 


1. What are the degenerate conics of a pencil of Type V? 

2. Show that the collineation obtained by making correspond to any 
point P the point Q which has the same pole p with regard to one conic of 
a pencil of Type V that P has with regard to another conic of the pencil is 
an elation. 

3. The lines polar to a point A with regard to all the conics of a pencil 
of any of the five types pass through a point A’. The points A and A’ are 
double points of the involution determined by the pencil on the line AA’. 
Construct A’. Dualize. Derive a theorem on the complete quadrangle as a 
special case of this one. 

4. Construct the polar line of a point A with regard to a conic C? being 
given four points of C’? and a conjugate of A with regard to C2. 
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5. Given an involution I on a line /, a pair of points A and A’ on 7 not 
conjugate in I, and any other point B on J, construct a point B’ such that A 
and A’ and B and B’ are pairs of an involution I’ whose double points are a 
pair in I. The involution I’ may also be described as one which is commu- 
tative with I, or such that the product of I and IV’ is an involution. 

6. There is one and only one conic through three points and having a 
given point P and line p as pole and polar. 

7. The conics through three points and having a given pair of points as 
conjugate points form a pencil of conics. 


MISCELLANEOUS EXERCISES 


1. If O and o are pole and polar with regard to a conic, and A and B are 
two points of the conic collinear with O, then the conic is generated by the 
two pencils A[P] and B[P’] where P and P’ are paired in the involution 
on o of conjugates with regard to the conic. 

2. Given a complete plane five-point ABCDE. The locus of all points X 
such that 
: ’ X (BCDE) i A(BCDE) 
is a conic. 

3. Given two projective nonperspective pencils, [p] and [q]. Every line / 
upon which the projectivity /[p] x 9] is involutoric passes through a fixed 
point O. The point O is the pole of the line joining the centers of the pencils 
with respect to the conic generated by them. 

4. If two complete quadrangles have the same diagonal points, their eight 
vertices lieonaconic (Cremona, Projective Geometry (Oxford, 1885), Chap. XX). 

5. If two conics intersect in four points, the eight tangents to them at 
these points are on the same line conic. Dualize and extend to the cases 
where the conics are in pencils of Types //-V. 

6. All conics with respect to which a given triangle is self-conjugate, and 
which pass through a fixed point, also pass through three other fixed points. 
Dualize. 

7. Construct a conic through two given points and with a given self- 
conjugate triangle. Dualize. 

8. If the sides of a triangle are tangent to a conic, the lines joining two 
of its vertices to any point conjugate with regard to the conic to the third 
vertex are conjugate with regard to the conic. Dualize. 

9. If two points P and Q ona conic are joined to two conjugate points P’, Q’ 
on a line conjugate to PQ, then PP’ and QQ’ meet on the conic. 

10. If a simple quadrilateral is circumscribed to a conic, and if / is any 
transversal through the intersection of its diagonals, / will meet the conic and 
the pairs of opposite sides in conjugate pairs of an involution. Dualize. 

11. Given a conic and three fixed collinear points A, B, C. There is a fourth 
point D on the line AB such that if three sides of a simple quadrangle in- 
scribed in the conic pass through 4, B, and C respectively, the fourth passes 
through D (Cremona, Chap. XVII). 
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12. If avariable simple n-line (n even) is inscribed in a conic in such a way 
that n — 1 of its sides pass through n —1 fixed collinear points, then the other 
side passes through another fixed point of the same line. Dualize this theorem. 

13. If two conics intersect in two points A, B (or are tangent at a point A) 
and two lines through A and B respectively (or through the point of contact 
A) meet the conics again in O, O’ and L, L’, then the lines OL and O’L’ meet 
on the line joining the remaining points of intersection (if existent) of the 
two conics. 

14. If a conic C? passes through the vertices of a triangle which is self- 
polar with respect to another conic K?, there is a triangle inscribed in C? and 
self-polar with regard to K?, and having one vertex at any point of C?. The 
lines which cut C? and K? in two pairs of points which are harmonically con- 
jugate to one another constitute a line conic C?, which is the polar reciprocal 
of C? with regard to K? (Cremona, Chap. XXII). 

15. If a variable triangle is such that two of its sides pass respectively 
through two fixed points 0’ and O lying on a given conic, and the vertices oppo- 
site them lie respectively on two fixed lines u and wu’, while the third vertex 
lies always on the given conic, then the third side touches a fixed conic, which 
touches the lines u and u’. Dualize (Cremona, Chap. XXII). 

16. If P is a variable point on a conic containing A, B, C, and / is a vari- 
able line through P such that all throws T (PA, PB; PC, 1) are projective, 
then all lines / meet in a point of the conic (Schréter, Journal fiir die reine und 
angewandte Mathematik, Vol. LXII, p. 222). 

17. Given a fixed conic and a fixed line, and three fixed points A, B, C on 
the conic, let P be a variable point on the conic and let PA, PB, PC meet 
the fixed line in A’, B’, C’. If O isa fixed point of the plane and (O42 PE) Rake 
and (KC’) =1, then K describes a conic and / a pencil of lines whose center is 
on the conic described by K (Schréter, loc. cit.). 

18. Two triangles ABC and PQR are perspective in four ways. Show that 
if ABC and the point P are fixed and Q, R are variable, the locus of each of 
the latter points is a conic (cf. Ex. 8, p. 105, and Schréter, Mathematische 
Annalen, Vol. II (1870), p. 553). 

19. Given six points on a conic. By taking these in all possible orders 
60 different simple hexagons inscribed in the conie are obtained. Each of 
these simple hexagons gives rise to a Pascal line. The figure thus associated 
with any six points of a conic is called the hexagrammum mysticum.* Prove the 
following properties of the hexagrammum mysticum : 

i. The Pascal lines of the three hexagons P,P, P3P,P;P,4, P\P,yP3P5P;Po, 
and P,P,P3P,P;P, are concurrent. The point thus associated with such a set 
of three hexagons is called a Steiner point. 

ii. There are in all 20 Steiner points. 


* On the Pascal hexagram cf, Steiner-Schréter, Vorlesungen tiber Synthetische 
Geometrie, Vol. II, § 28; Salmon, Conic Sections in the Notes; Christine Ladd, 
American Journal of Mathematics, Vol. IT (1879), p. 1. 
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iii. From a given simple hexagon five others are obtained by permuting 
in all possible ways a set of three vertices no two of which are adjacent. The 
Pascal lines of these six hexagons pass through two Steiner points, which are 
called conjugate Steiner points. The 20 Steiner points fall into ten pairs of 
conjugates. 

iv. The 20 Steiner points lie by fours on 15 lines called Steiner lines. 

v. What is the symbol of the configuration composed of the 20 Steiner 
points and the 15 Steiner lines ? 

20. Discuss the problem corresponding to that of Ex. 19 for all the special 
cases of Pascal’s theorem. 

21. State the duals of the last two exercises. 

22. If in a plane there are given two conics, any point A has a polar with 
respect to each of them. If these polars intersect in A’, the points A, A’ are 
conjugate with respect to both conics. The polars of A’ likewise meet in A. 
In this way every point in the plane is paired with a unique other point. By 
the dual process every line in the plane is paired with a unique line to which 
it is conjugate with respect to both conics. Show that in this correspondence 
the points of a line correspond in general to the points of a conic. <All such 
conics which correspond to lines of the plane have in common a set of at most 
three points. The polars of every such common point coincide, so that to each 
of them is made to correspond all the points of a line. They form the excep- 
tional elements of the correspondence. Dualize (Reye-Holgate, p. 110).* 

23. If in the last exercise the two given conics pass through the vertices of 
the same quadrangle, the diagonal points of this quadrangle are the «common 
points ’’ mentioned in the preceding exercise (Reye-Holgate, p. 110). 

24. Given a cone of lines with vertex O and a line uw through O. Then a 
one-to-one correspondence may be established among the lines through O by 
associating with every such line a its conjugate a’ with respect to the cone 
lying in the plane au. If, then, a describes a plane 7, a’ will describe a cone of 
lines passing through wu and through the polar line of 7, and which has in 
common with the given cone any lines common to it and to the given cone 
and the polar plane of wu (Reye-Holgate, p. 111).* 

25. Two conics are determined by the two sets of five points 4, B, C, D, E 
and A,B, C,H, K. Construct the fourth point of intersection of the two conics 
(Castelnuovo, Lezioni di Geometria, p. 391). 

26. Apply the result of the preceding Exercise to construct the point P such 
that the set of lines P(A, B, C, D, FE) joining P to the vertices of any given 
complete plane five-point be projective with any given set of five points on a 
line (Castelnuovo, loc. cit.). 

27. Given any plane quadrilateral, construct a line which meets the sides 
of the quadrilateral in a set of four points projective with any given set of 


four collinear points. 


* The correspondences defined in Exs. 22 and 24 are examples of so-called 
quadratic correspondences. 
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28. Two sets of five points A, B, C, D, E and A, B, H, K, L determine 
two conics which intersect again in two points X, Y. Construct the line XY 
and show that the points X, Y are the double points of a certain involution 
(Castelnuovo, loc. cit.). 

29. If three conics pass through two given points A, B and the three pairs 
of conics cut again in three pairs of points, show that the three lines joining 
these pairs of points are concurrent (Castelnuovo, loc. cit.). 

30. Prove the converse of the second theorem of Desargues: The conics 
passing through three fixed points and meeting a given line in the pairs of 
an involution pass through a fourth fixed point. This theorem may be used 
to construct a conic, given three of its points and a pair of points conjugate 
with respect to the conic. Dualize (Castelnuovo, loc. cit.). 

31. The poles of a line with respect to all the conics of a pencil of conics 
of Type J are on a conic which passes through the diagonal points of the 
quadrangle defining the pencil. This conic cuts the given line in the points 
in which the latter is tangent to conics of the pencil. Dualize. 

32. Let p be the polar of a point P with regard to a triangle ABC. If P 
varies on a conic which passes through A, B, C, then p passes through a fixed 
point Q (Cayley, Collected Works, Vol. I, p. 361). 

33. If two conics are inscribed in a triangle, the six points of contact are 
on a third conic. 

34. Any two vertices of a triangle circumscribed to a conic are separated 
harmonically by the point of contact of the side containing them and the point 
where this side meets the line joining the points of contact of the other sides. 


CHAPTER VI 


ALGEBRA OF POINTS AND ONE-DIMENSIONAL COORDINATE 
SYSTEMS 


48. Addition of points. That analytic methods may be introduced 
into geometry on a strictly projective basis was first shown by von 
Staudt.* The point algebra on a line which is defined in this chapter 
without the use of any further assumptions than A, E, P is essentially 
equivalent to von Staudt’s algebra of throws (p. 60), a brief account 
of which will be found in § 55. The original method of von Staudt 
has, however, been considerably clarified and simplified by modern 
researches on the foundations of geometry. All the definitions and 
theorems of this chapter before Theorem 6 are independent of As- 
sumption P. Indeed, if desired, this part of the chapter may be read 
before taking up Chap. IV. 

Given a line /, and on / three distinct (arbitrary) fixed points which 
for convenience and suggestiveness we denote by R, Ff, B., we define 
two one-valued operations ¢ on pairs of points of ; sith melanie to 
the fundamental points R, B, k,. The fundamental points are said 
to determine a scale on . 

Dertnition. In any plane through / let 7, and /{ be any two lines 
through P,, and let J, be any line through R& meeting J, and Jf in 
points A and A’ respectively (fig. 71). Let RB and F be any two points 
of J, and let the lines PA and PA’ meet 7, and /, in the points X 
and Y respectively. The point P.,,, in which the line XY meets J, is 
called the swm of the points B and P (in symbols P+ R=P.,,) in 


* K. G. C. von Staudt (1798-1867), Beitrige zur Geometrie der Lage, Heft 2 (1857), 
pp. 166 et seq. This book is concerned also with the related question of the inter- 
pretation of imaginary elements in geometry. 

+ Cf., for example, G. Hessenberg, Ueber einen Geometrischen Calcul, Acta 
Mathematica, Vol. XXIX, p. 1. 

t By a one-valued operation o on a pair of points A, B is meant any process 
whereby with every pair A, B is associated a point C, which is unique provided 
the order of A, B is given; in symbols AoB=C. Here ‘‘order’’ has no geo- 
metrical eenincaice! but implies merely the formal difference of 4oB and BoA. 
If AoB= Bo4A, the operation is commutative; if (AoB)oC =Ao(BoC), the opera- 
tion is associative. 
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the scale P, P, P,. The operation of obtaining the sum of two points 
is called addition.* 


Es ra 





B Eg EB Posy BR Ess BE. 
Fie. 71 


THEOREM 1. If P, and P are distinct from FP, and F,,Q(R. PR, 
RPP.,,) i & necessary and sufficient condition for the equality 
Ae Hie Baa (A, £) 

This follows immediately from the definition, AX4'Y being a 
quadrangle which determines the given quadrangular set. 

Corouuary 1. If B is any point of l, we have P.+R=R+L=LP, 
and P.+P,=P,+P=P(P+#P,). (A, E) 

This is also an immediate consequence of the definition. 


CoROLLARY 2. The operation of addition is one-valued for every 
pair of points P, B of l, except for the pair P,, R.. (A, E) 

This follows from the theo- I ae 
rem above and the corollary of SG 





* The historical origin of this con- 
struction will be evident on inspection ie 
of the attached figure. This is the 
figure which results, if we choose for 
lZ the ‘‘line at infinity’’ in the plane 
in the sense of ordinary Euclidean 
geometry (cf. p. 8). The construction 
is clearly equivalent to a translation Fig. 72 
of the vector Py P, along the line l, 
which brings its initial point into coincidence with the terminal point of the vector 
PoP,, which is the ordinary construction for the sum of two vectors on a line. 


gu 
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Theorem 3, Chap. II, in case PB and P are distinct from RB and P,, 
If one of the points &, P coincides with P or P,, it follows from 
Corollary 1. 

COROLLARY 3. The operation of addition is associative; we. 

Ltt hy=L+h) +k 

for any three points P., B, P, for which the above expressions are 
defined. (A, E) 

Proof (fig. 73). Let + & be determined as in the definition by 
means of three lines /,, 7{, ], and the line XY. Let the line RY be 
denoted by Z;, and by means of /,,,7.,/j construct the point (P+ P) + P, 





B B ie ae 


Fie. 73 


B Bs Fesyoe Ee 


which is determined by the line YZ, say. If now the point P+ P 
be constructed by means of the lines /,, //, 1}, and then the point 
P.+(R+L) be constructed by means of the lines /,, IL, 1,, it will be 
seen that the latter point is determined by the same line YZ. 


CoroLLary 4. The operation of addition 1s commutative; ve. 
P+P=B+P 
for every patr of points P., PF for which the operation is defined. (A, E) 
Proof. By reference to the complete quadrangle 4X 4’Y (fig. 71) 
there appears the quadrangular set Q(F, A, hPL. ,,,), which by the 
theorem implies that P+ R=2£,, But, by definition, 2+ H=f£,,, 
Hence F - k= f+ £,. 
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THEOREM 2. Any three points P., P, R(P,# R,) satisfy the relation 


x ya 
ao 


RPPPOPPP. FE oy 


xz+a*y+a) 
ie. the correspondence established by making each point P, of | corre- 
spond to PB! = P.+ P., where P.(# P,) is any fixed point of l, is projective. 
(A, E) 
Proof. The definition of addition (fig. 71) gives this projectivity as 
the result of two perspectivities : * 


A 4 
ie eae 


The set of all projectivities determined by all possible choices of P, in the 
formula P/=P,+P, is the group described in Example 2, p. 70. The sum of 
two points P, and P, might indeed have been defined as the point into which 
P, is transformed when P, is transformed into P, by a projectivity of this 
group. The associative law for addition would thus appear as a special case 
of the associative law which holds for the composition of correspondences in 
general; and the commutative law for addition would be a consequence of the 
commutativity of this particular group. 





B Eis BR BR, B, 
Fic. 74 


49. Multiplication of points. DEFINITION. In any plane through / 
let J, J, 1, be any three lines through %, F, R, respectively, and let J, 
meet /, and /,, in points 4 and B respectively (fig. 74). Let PB, P be any 
two points of /, and let the lines 2.4 and PB meet /,, and /, in the points 
X and Y respectively. The point P, in which the line XY meets J is 


*To make fig. 71 correspond to the notation of this theorem, P, must be 
identified with Pa. 
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called the produet of P, by F; (in symbols P- P= P.,) in the scale RP, P, P, 
on /. The operation of obtaining the product of two points is called 
multiplication.* Each of the points PB, P is called a factor of the 


product F- F. 

THEOREM 3. Jf P and P are any two points of | distinct from 
Fy, B, P., UBRLA, RPP.,) is necessary and sufficient for the equality 
EL f= fi, (A, E) 

This follows at once from the definition, 4X BY being the defining 
quadrangle. 


CoroLuary 1. For any point P.(# P,) on Ll we have the relations 
BE R=P.R=P; R P=Ph.P=P; P.P=P. P.=B(B+P). 
This follows at once from the definition. 


COROLLARY 2. The operation of multiplication is one-valued for 
every pair of points P., B of l, except R- R, and R,- FR. (A, E) 


This follows from Corollary 1, if one of the points , # coincides 
with P, RP, or P,. Otherwise, it follows from the corollary, p. 50, in 
connection with the above theorem. 





B E, BR By 


* The origin of this construction may also be seen in a simple construction of 
metric Euclidean geometry, which results from the construction of the definition 
by letting the line J, be the ‘‘line at infinity’ (cf. p. 8). In the attached figure 
which gives this metric construction we have readily, from similar triangles, the 


tions : 
proportions PoPpe ee bake 
PePoery ls PoP as 





which, on taking the segment Po P;=1, gives the desired result Po Pay= Po Px* PoPy- 


146 ALGEURA OF POINTS (Cuap. VI 


CoroLtuary 3. The operation of multiplication is associative; 1.e. we 
have (R«P).R=BP.- (P,P) for every three points FE, fy, F, for which 
these products are defined. (A, E) 

Proof (fig. 76). The proof is entirely analogous to the proof for 
the associative law for addition. Let the point B- P be constructed 





He £ Boks By Fy y= By R 
Fic. 76 


as in the definition by means of three fundamental lines /,, J,, /., 
the point R, being determined by the line YY. Denote the line RY 
by /{, and construct the point R,- R=(P- P)- P, using the lines /,, 7}, 1. 
as fundamental. Further, let the point )- R= FP. be constructed by 
means of the lines /,, lj, /., and then let B-P.=R-(P- RP) be con- 
structed by means of /,, /,,/,. It is then seen that the points R- P. 
and P.,- PR are determined by the same line. 

By analogy with Theorem 1, Cor. 4, we should now prove that mul- 
tiplication is also commutative. It will, however, appear presently 
that the commutativity of multiplication cannot be proved without 
the use of Assumption P (or its equivalent). It must indeed be clearly 
noted at this point that the definition of multiplication requires the 
first factor RP in a product to form with 4 and F a point triple of 
the quadrangular set on / (cf. p. 49); the construction of the product 
is therefore not independent of the order of the factors. Moreover, 
the fact that in Theorem 3, Chap. II, the quadrangles giving the points 
of the set are similarly placed, was essential in the proof of that 
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theorem. We cannot therefore use this theorem to prove the com 
mutative law for multiplication as in the case of addition. 

An important theorem analogous to Theorem 2 is, however, inde- 
pendent of Assumption P. It is as follows: 


THEOREM 4. Jf the relation PR. P=P., holds between any three 
points Rk, B, Bon 1 distinct from R, we whine Ty ey wtp ts 
and also RRERX RRP; te. the correspondence bbe. by 
making each point PB. of | correspond to P'=P.-P. (or to R'=P.- P), 
where Fis any fixed point of l distinct from BR, is projective. (A, E) 

Proof. The definition of multiplication gives the first of the above 
projectivities as the result of two eee: (fig. 76): 


[E iE [*]= 2a) 


The second one is obtained similarly. In fig. 76 we have 


B aXe 
oe aE Seae 


The set of all projectivities determined by all choices of P, in the for- 
mula Pj=P,,-P, is the group described in Example 1, p. 69. The proper- 
ties of multiplication may be regarded as properties of that group in the same 
way that the properties of addition arise from the group described in Example 
2, p. 70. In particular, this furnishes a second proof of the associative law 
for multiplication. 


THEOREM 5. Multiplication is distributive with respect to addition ; 
ie. if P., P, P. are any three points on | (for which the operations 
below are defined), we have 


(B+P)=P-B+B-P, and (P+P)-P=P.P+P-P. (AE, 
oe Place 
ehh, Loa Lh a hy md f= Lae 


By Theorem 4 we then have 


IID EU A cihig At ME ASS se 


aty /\ (2+ y)" 


But by Theorem 1 we also have Q(2.F Peet erLen ces (DY. 

Theorem 1, Cor., Chap. IV, we have OR ie dodanie ®)i wich; 

by Theorem 1, implies P,+ 2,= P+, The relation 
(B+BP)-P=P-R+E-R 


is proved similarly. 
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50. The commutative law for multiplication. With the aid of 
Assumption P we will now derive finally the commutative law for 
multiplication : 

THEOREM 6. The operation of multiplication is commutative ; we. 
we have R-P=P- BP for every pair of points 2, FE of 1 for which 
these two products are defined. (A, E, P) 

Proof. Let us place as before R: P=BP,,and P-R=F,. Then, by 


at 
the first relation of Theorem 4, and interchanging the points Ff, £, 
we have RPPBR~ BREE; 


and from the second relation of the same theorem we have 
fl ATA. 

By Theorem 17, Chap. IV, this requires P, = F£,. 

In view of the fact already noted, that the fundamental theorem 
of projective geometry (Theorem 17, Chap. IV) is equivalent to 
Assumption P, it follows (ef. § 3, Vol. II) that: 

THEOREM 7. Assumption P is necessary and sufficient for the com- 
mutative law for multiplication.* (A, E) 

51. The inverse operations. DEFINITION. Given two points P, 2 
on J, the operation determining a point & satisfying the relation 


x 


P+P=Ff is called subtraction; in symbols R—R=f£. The point 


x 


P. is called the difference of B from R. Subtraction is the inverse of 
addition. 

The construction for addition may readily be reversed to give a con- 
struction for subtraction. The preceding theorems on addition then give: 


THEOREM 8. Subtraction is a one-valued operation for every pair 
of points RP, Bon l, except the pair R,, B.. (A, E) 


CoroLuaRy. We have in particular P—PR=R for every point 
P(#R) onl. (A, E) 


* The existence of algebras in which multiplication is not commutative is then 
sufficient to establish the fact that Assumption P is independent of the previous 
Assumptions A and E. For in order to construct a system (cf. p. 6) which satisfies 
Assumptions A and E without satisfying Assumption P, we need only construct an 
analytic geometry of three dimensions (as described in a later chapter) and use as a 
basis a noncommutative number system, e.g. the system of quaternions. That the 
fundamental theorem of projective geometry is equivalent to the commutative 
law for multiplication was first established by Hilbert, who, in his Foundations of 
Geometry, showed that the commutative law is equivalent to the theorem of Pappus 
(Theorem 21, Chap. IV). The latter is easily seen to be equivalent to the funda- 
mental theorem, 
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DEFINITION. Given two points P, 7; on/; the point P determined by 
the relation R- R= F is called the quotient of BR by P (also the ratio 
of # to 2); in symbols R/R=P, or P:R =P. The operation deter- 
mining &/F, is called division; it is the inverse of multiplication.* 

The construction for multiplication may also be reversed to give a 
construction for division. The preceding theorems on multiplication 
then give readily : 

THEOREM 9. Division is a one-valued operation for every pair of 
points RF, Fon | except the pairs R, Rand PR, PB. (A, E) 

CoroLuaRy. We have in particular P/P=P, R/R=P, R/P=BE, 
etc., for every point PR, on Ll distinct from FR and Iz. (A, E) 


Addition, subtraction, multiplication, and division are known as 
the four rational operations. 

52. The abstract concept of a number system. Isomorphism. The 
relation of the foregoing discussion of the algebra of points on a line 
to the foundations of analysis must now be briefly considered. With 
the aid of the notion of a group (cf. Chap. ITI, p. 66), the general con- 
cept of a number system is described simply as follows: 

DEFINITION. A set N of elements is said to form a number system, 
provided two distinct operations, which we will denote by 6 and © 
respectively, exist and operate on pairs of elements of N under the 
following conditions: 

1. The set N forms a group with respect to @. 

2. The set N forms a group with respect to ©, except that if 7, is 
the identity element of N with respect to 6, no inverse with respect 
to © exists for 7,.¢ If a is any element of N,aoi,=71,0a=%,. 

3. Any three elements a, b, ¢ of N satisfy the relations a @(b@ ce) 
=(a4©b)@(aoc) and (bec)oa=(bOa)eCOd). 

The elements of a number system are called numbers ; the two oper- 
ations @ and © are called addition and multiplication respectively. 
If a number system forms commutative groups with respect to both 
addition and multiplication, the numbers are said to form a j/ield.t 


* What we have defined is more precisely right-handed division. The left-handed 
quotient is defined similarly as the point P, determined by the relation P, - Pa = Pp. 
In a commutative algebra they are of course equivalent. 

+ The identity element i; in a number system is usually denoted by 0 (zero). 

¢ The class of all ordinary rational numbers forms a field; also the class of real 
numbers; and the class of all integers reduced modulo p (p a prime), etc. 
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On the basis of this definition may be developed all the theory 
relating to the rational operations —i.e. addition, multiplication, sub- 
traction, and division —in a number system. The ordinary algebra 
of the rational operations applying to the set of ordinary rational or 
ordinary real or complex numbers is a special case of such a theory. 
The whole terminology of this algebra, in so far as tt is definable in 
terms of the four rational operations, will in the future be assumed 
as defined. We shall not, therefore, stop to define such terms as 
reciprocal of a number, exponent, equation, satisfy, solution, root, etc. 
The element of a number system represented by a letter as a will be 
spoken of as the value of a. A letter which represents any one of a 
set of numbers is called a variable; variables will usually be denoted 
by the last letters of the alphabet. 

Before applying the general definition above to our algebra of 
points on a line, it is desirable to introduce the notion of the 
abstract equivalence or isomorphism between two number systems. 

DEFINITION. If two number systems are such that a one-to-one 
reciprocal correspondence exists between the numbers of the two 
systems, such that to the sum of any two numbers of one system 
there corresponds the sum of the two corresponding numbers of the 
other system; and that to the product of any two numbers of one 
there corresponds the product of the corresponding numbers of the 
other, the two systems are said to be abstractly equivalent or (simply) 
isomor phic.* 

When two number systems are isomorphic, if any series of oper- 
ations is performed on numbers of one system and the same series 
of operations is performed on the corresponding numbers of the 
other, the resulting numbers will correspond. 

53. Nonhomogeneous codrdinates. By comparing the corollaries 
of Theorem 1 with the definition of group (p. 66), it is at once 
seen that the set of points of a line on which a scale has been estab- 
lished, forms a group with respect to addition, provided the point R 
be excluded from the set. In this group R is the identity element, 
and the existence of an inverse for every element follows from 
Theorem 8. In the same way it is seen that the set of points on 
a line on which a scale has been established, and from which the 


* For the general idea of the isomorphism between groups, see Burnside’s Theory 
of Groups, p. 22. 
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point 72 has been excluded, forms a group with respect to multipli- 
cation, except that no inverse with respect to multiplication exists 
for 4; £ is the identity element in this group, and Theorem 9 insures 
the existence of an inverse for every point except RP. These con- 
siderations show that the first two conditions in the definition of a 
number system are satisfied by the points of a line, if the operations @ 
and © are identified with addition and multiplication as defined in 
§§ 48 and 49. The third condition in the definition of a number 
system is also satisfied in view of Theorem 5. Finally, in view of 
Theorem 1, Cor. 4, and Theorem 6, this number system of points on 
a line is commutative with respect to both addition and multipli- 
cation. This gives then: 

THEOREM 10. The set of all points on a line on which a scale has 
been established, and from which the point R is excluded, forms a field 
with respect to the operations of addition and multiplication previously 
defined. (A, E, P) 

This provides a new way of regarding a point, viz., that of regarding 
a point as a number of a number system. This conception of a point 
will apply to any point of a line except the one chosen as 2. It is 
desirable, however, both on account of the presence of such an excep- 
tional point and also for other reasons, to keep the notion of point 
distinct from the notion of number, at least nominally. This we do 
by introducing a field of numbers a, b,c,-+-+, 1, k, +++, %, y, 2%, +++ which 
is isomorphic with the field of points on a line. The numbers of the 
number field may, as we have seen, be the points of the line, or they 
may be mere symbols which combine according to the conditions 
specified in the definition of a number system; or they may be ele- 
ments defined in some way in terms of points, lines, etc.* 

In any number system the identity element with respect to addi- 
tion is called zero and denoted by 0, and the identity element with 
respect to multiplication is called one or unity, and is denoted by 1. 
We shall, moreover, denote the numbers 1+1,1+1+1,---,0—a,--- 
by the usual symbols 2, 3,-+-,—a,---.f In the isomorphism of our 
system of numbers with the set of points on a line, the point 4) must 
correspond to 0, the point # to the number 1; and, in general, to every 

* See, for example, § 55, on von Staudt’s algebra of throws, where the numbers 


are thought of as sets of four points. 
+ Cf., however, in this connection § 57 below. 
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point will correspond a number (except to 2), and to every number 
of the field will correspond a point. In this way every point of the 
line (except 2) is labeled by a number. This number is called the 
(nonhomogeneous) codrdinate of the point, to which it corresponds. 
This enables us to express relations between points by means of 
equations between their codrdinates. The coordinates of points, or 
the points themselves when we think of them as numbers of a 
number system, we will denote by the small letters of the alphabet 
(or by numerals), and we shall frequently use the phrase “the point 2” 
in place of the longer phrase “the point whose codrdinate is x.” It 
should be noted that this representation of the points of a line by 
numbers of a number system is not in any way dependent on the 
commutativity of multiplication; 1e. it holds in the general geom- 
etries for which Assumption P is not assumed. 

Before leaving the present discussion it seems desirable to point 
out that the algebra of points on a line is merely representative, 
under the principle of duality, of the algebra of the elements of any 
one-dimensional primitive form. Thus three lines /,, 1,, 1. of a flat 
pencil determine a scale in the pencil of lines; and three planes 
@, @, @ of an axial pencil determine a scale in this pencil of planes; 
to each corresponds the same algebra. 

54. The analytic expression for a projectivity in a one-dimensional 
primitive form. Let a scale be established on a line 7 by choosing 
three arbitrary points for 2, 4, 72; and let the resulting field of points 
on a line be made isomorphic with a field of numbers 0, 1, a, ---, so 
that 4 corresponds to 0, to 1, and, in general, P to a. For the 
exceptional point 72, let us introduce a special symbol oo with excep- 
tional properties, which will be assigned to it as the need arises. 
It should be noted here, however, that this new symbol o does not 
represent a number of a field as defined on p. 149. 

We may now derive the analytic relation between the codrdinates of 
the points on /, which expresses a projective correspondence between 
these points. Let « be the codrdinate of any point of /. We have seen 
that if the point whose codrdinate is x is made to correspond to either 
of the points 


(I) ad=a+a, (a#&) 
or (JI) a'= ax, (a # 0) 
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where @ is the codrdinate of any given point on J, each of the result- 
ing correspondences is projective (Theorem 2 and Theorem 4). It is 
readily seen, moreover, that if x is made to correspond to 


(111) ae 
av 


the resulting correspondence is likewise projective. For we clearly 
have the following construction for the point 1/a (fig. 77): With the 
same notation as before for the construction of the product of two 





numbers, let the line zA meet 7, in X. If Y is determined as the 
intersection of 1X with J,, the line BY determines on / a point a’, 
such that zz’=1, by definition. We now have 








i el 
Paes atebaca: 


The three projectivities (I), (II), and (III) are of fundamental 
importance, as the next theorem will show. It is therefore desirable 
to consider their properties briefly ; we will thus be led to define the 
behavior of the exceptional symbol oo with respect to the operations 
of addition, subtraction, multiplication, and division. 

The projectivity z/= x + a, from its definition, leaves the point R, 
which we associated with co, invariant. We therefore place o+a=0 
for all values of a(a#). This projectivity, moreover, can have no 
other invariant point unless it leaves every point invariant; for the 
equation w= x-+a gives at once a=0, if #o. Further, by prop- 
erly choosing a, any point x can be made to correspond to any point a’; 
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but when one such pair of homologous points is assigned in addition 
to the double point «, the projectivity is completely determined. 
The resultant or product of any two projectivities z’=#+a and 
a=a2+b is clearly #7 =x2+(a+6). Two such projectivities are 
therefore commutative. 

The projectivity z' = ax, from its definition, leaves the points 0 and « 
invariant, and by the fundamental theorem (Theorem 17, Chap. IV) 
cannot leave any other point invariant without reducing to the iden- 
tical projectivity. As another property of the symbol o we have 
therefore « =aco(a#0). Here, also, by properly choosing a, any 
point z can be made to correspond to any point z’, but then the pro- 
jectivity is completely determined. The fundamental theorem in this 
case shows, moreover, that any projectivity with the double points 0, o 
can be represented by this equation. The product of two projectivities 
a’ =ax and a! = be is clearly x! = (ab) x, so that any two projectivities of 
this type are also commutative (Theorem 6). 

Finally, the projectivity «’=1/z, by its definition, makes the 
point oo correspond to 0 and the point 0 to «. We are therefore led 
to assign to the symbol « the following further properties: 1/a= 0, 
and 1/0 =. This projectivity leaves 1 and — 1 (defined as 0 —1) 
invariant. Moreover, it is an involution because the resultant of two 
applications of this projectivity is clearly the identity; ie. if the 
projectivity is denoted by 7, it satisfies the relation 7? = 1. 

THEOREM 11. Any projectivity on a line is the product of projec- 
tivities of the three types (I), (II), and (IIT), and may be expressed 
in the form 


(1) 


Conversely, every equation of this form represents a projectivity, if 
ad—be+ 0. (A,E, P) 

Proof. We will prove the latter part of the theorem first. If we 
suppose first that c+ 0, we may write the equation of the given 
transformation in the form 


es ORD 
~  cetd 








4 — ae 
2 is oy 
(2) v PE re, 


This shows first that the determinant ad — be must be different from 
0; otherwise the second term on the right of (2) would vanish, which 
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would make every « correspond to the same point a/c, while a pro- 
jectivity is a one-to-one correspondence. Equation (1), moreover, 
shows at once that the correspondence established by it is the result- 
ant of the five: 


= cr, ¢,=2,+d, & yey a= (b-S) a, al =a t= 
If c=0, and ad + 0, this argument is readily modified to show that 
the transformation of the theorem is the resultant of projectivities of 
the types (J) and (JZ). Since the resultant of any series of projectiv- 
ities 1s a projectivity, this proves the last part of the theorem. 
It remains to show that every projectivity can indeed be repre- 
‘ 1 (46+ 
sented by an equation x mc 7 
to determine first what point is made to correspond to the point oo by 
this projectivity. If we follow the course of this point through the 
five projectivities into which we have just resolved this transforma- 
tion, it is seen that the first two leave it invariant, the third trans- 
forms it into 0, the fourth leaves 0 invariant, and the fifth transforms 
it into a/c; the point « is then transformed by (1) into the point 
a/c. This leads us to attribute a further property to the symbol o, 


- To do this simply, it is desirable 


V1Z., i 
pa heart } when c= wn 





According to the fundamental theorem (Theorem 17, Chap. IV), a pro- 
jectivity is completely determined when any three pairs of homolo- 
gous points are assigned. Suppose that in a given projectivity the 
points 0, 1, o are transformed into the points p, q, r respectively. 
Then the transformation 
,_Tg—petp(r—-9% 
(7 2) e+ (t= 9) 

clearly transforms 0 into p, 1 into q, and, by virtue of the relation 
just developed for o, it also transforms « into 7. It is, moreover, of the 
form of (1). The determinant ad —dc is in this case (y—p)(r—q)(r—P), 
which is clearly different from zero, if p, g, 7 are all distinct. This 
transformation is therefore the given projectivity. 

Coronary 1. The projectivity a! =a/a(a #0, or ) transforms 0 
into © and « into 0. (A, E, P) 





xz 
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For it is the resultant of the two projectivities, 7,=1/z and 
a! = ax,, of which the first interchanges 0 and «, while the second 
leaves them both invariant. We are therefore led to define the symbols 
a/0 and a/c as equal to © and 0 respectively, when a is neither 0 
nor o. 

CoroLLary 2. Any projectivity leaving the point « invariant may 
be expressed in the form a’ =ax+b. (A, E, P) 

CoRoLLARY 3. Any projectivity may be expressed analytically by 
the bilinear equation caa!+dzx'—ax—b=0; and conversely, any 
bilinear equation defines a projective correspondence between its two 
variables, provided ad—be #0. (A, E, P) 

CoroLuary 4. If a projectivity leaves any points invariant, the 
coérdinates of these double points satisfy the quadratic equation 
cu’ + (d—a)a«—b=0. (A, E, P) 

DEFINITION. A system of mn numbers arranged in a rectangular 
array of m rows and columns is called a matriz. If m =n, it is 
called a square matrix of order n.* 


The coefficients (F 2) of the projective transformation (1) form a 

square matrix of the second order, which may be conveniently used to 
I ! 

denote the transformation. Two matrices (‘ ) and (% z) repre- 
C c¢ a 


sent the same. transformation, if and only if a: a’ =b:W=c:c=d:d'. 
The product of two projectivities 





Eye, ! 
= aot and, 2 =amr, (or) = oe 
is given by the equation 

(aa! + cb')a + ba! + db! 


aa! carr (a) 


This leads at once to the rule for the multiplication of matrices, 
which is similar to that for determinants. 
Derinition. The product of two matrices is defined by the equation 


a’ O'\ fa b\ _ faa! + cb! ba! + db! 
e d'}\c dd) \acl + cd! te! aa’) 


* For a development of the principal properties of matrices, cf. Bocher, Intro- 
duction to Higher Algebra, pp. 20 ff. 
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This gives, in connection with the result just derived, 
THEOREM 12. The product of two projectivities 


a b GeO: 
pi f 2) and 7, = (‘ ) 
ais represented by the product of their matrices ; in symbols, 


aan \ (and 
a0 Tas (‘ ale ’): (A, E, P) 
CoroLLary 1. The determinant of the product of two projectivities 
as equal to the product of their determinants. (A, E, P) 
CoROLLARY 2. T'he wwverse of the projectivity m= G 2) is given 


by 3 = a en ss © Dy where A, B, C, D are the cofactors 


of a, b, ¢, d respectively in the determinant 





a b 
4 A, (A, E, P) 


This follows at once from Corollary 3 of the last theorem by inter- 
changing x, z’. We may also verify the relation by forming the 


product m7 *ar = ad — be 0 » which transformation is equiva- 
10 0 ad — be 
lent to ( 0 i): The latter is called the identical matrix. 


COROLLARY 3. Any involution is represented by (‘ a: that is 
oy a = eietih » with the condition that a*+be#0. (A, E, P) 





55. Von Staudt’s algebra of throws. We will now consider the 
number system of points on a line from a slightly different point of 
view. On p. 60 we defined a throw as consisting of two ordered 
pairs of points on a line; and defined two throws as equal when they 
are projective. The class of all throws which are projective (i.e. equal) 
to a given throw constitutes a class which we shall call a mark. 
Every throw determines one and only one mark, but each mark 
determines a whole class of throws. 

According to the fundamental theorem (Theorem 17, Chap. IV), if 
three elements 4, B, C of a throw and their places in the symbol 
T(AB, CD) are given, the throw is completely determined by the 
mark to which it belongs. A given mark can be denoted by the 
symbol of any one of the (projective) throws which define it. We 
shall also denote marks by the small letters of the alphabet. And so, 
since the equality sign (=) indicates that the two symbols between 
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which it stands denote the same thing, we may write T(4B, CD)= 
a=b, if a, b, T(AB, CD) are notations for the same mark. Thus 
T (AB, CD) =T (BA, DC) =T (CD, AB) =T (DC, BA) are all symbols 
denoting the same mark (Theorem 2, Chap. III). 

According to the original definition of a throw the four elements 
which compose it must be distinct. The term is now to be extended 
to include the following sets of two ordered pairs, where 4, Bb, C are 
distinct. The set of all throws of the type T(AB, CA) is called a 
mark and denoted by 0; the set of all throws of the type T (AB, CB) 
is called a mark and is denoted by 0; the set of all throws of the type 
T(AB, CC) is a mark and is denoted by 1. It is readily seen that 
if R, R, RB are any three points of a line, there exists for every point 
P of the line a unique throw T (2 P, R P) of the line; and con- 
versely, for every mark there is a unique point P. The mark o, by 
what precedes, corresponds to the point #; the mark 0 to #; and 
the mark 1 to Ff. 

Derinition. Let T(4B, CD,) be a throw of the mark a, and let 
T (AB, CD,) be a throw of the mark 0; then, if D, is determined by 
Q(AD,B, AD,D,), the mark ¢ of the throw T (4B, CD,) is called the 
sum of the marks a and 8, and is denoted by a+; in symbols, 
a+b=c. Also, the point Dj determined by Q(4D,C, BD,D}) deter- 
mines a mark with the symbol T (4B, CD{) =c! (say), which is called 
the product of the marks a and 0; in symbols, ab=c’. As to the 
marks 0 and 1, to which these two definitions do not apply, we define 
further: a+0=0+a=a,a-0=0-a=0,anda-l=1l-a=a., 

Since any three distinct points 4, B, C may be projected into a fixed 
triple 2, #, #, it follows that the operation of adding or multiplying 
marks may be performed on their representative throws of the form 
T(2#, RP). By reference to Theorems 1 and 3 it is then clear that 
the class of all marks on a line (except oo) forms a number system, with 
respect to the operations of addition and multiplication just defined, 
which is isomorphic with the number system of points previously 
developed. 

This is, in brief, the method used by von Staudt to introduce ana- 
lytic methods into geometry on a purely geometric basis.* We have 


* Cf. reference on p. 141. Von Staudt used the notion of an involution on a line 
in defining addition and multiplication ; the definition in terms of quadrangular sets 
is, however, essentially the same as his by virtue of Theorem 27, Chap. IV. 
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given it here partly on account of its historical importance; partly 
because it gives a concrete example of a number system isomorphic 
with the points of a line*; and partly because it gives a natural 
introduction to the fundamental concept of the cross ratio of four 
points. This we proceed to derive in the next section. 

56. The cross ratio. We have seen in the preceding section that 
it is possible to associate a number with every throw of four points 
on a line. By duality all the developments of this section apply also 
to the other one-dimensional primitive forms, ie. the pencil of lines 
and the pencil of planes. With every throw of four elements of any 
one-dimensional primitive form there may be associated a definite 
number, which must be the same for every throw projective with the 
first, and is therefore an invariant under any projective transforma- 
tion, le. a property of the throw that is not changed when the throw 
is replaced by any projective throw. This number is called the cross 
ratio of the throw. It is also called the dowble ratio or the anhar- 
monic ratio. The reason for these names will appear presently. 

In general, four given points give rise to six different cross ratios. 
For the 24 possible permutations of the letters in the symbol 
T(AB, CD) fall into sets of four which, by virtue of Theorem 2, 
Chap. III, have the same cross ratios. In the array below, the per- 
mutations in any line are projective with each other, two permuta- 
tions of different lines being in general not projective: 


AB, CD BA, DC DC BA CD, AB 
AB, DC BA, CD CD, BA DC, AB 
AC, BD CA, DB DB, CA BD, AC 
AC, DB CA, BD BD, CA DB, AC 
AD, BC DA, CB CB, DA BC, AD 
UDACE vay Wan :X0) BC, DA CB, AD 


If, however, the four points form a harmonic set H(4B, CD), the 
throws T(4B, CD) and T(AB, DC) are projective (Theorem 5, 
Cor. 2, Chap. IV). In this case the permutations in the first two rows 
of the array just given are all projective and hence have the same cross 
ratio. The four elements of a harmonic set, therefore, give rise to only 
three cross ratios. The values of these cross ratios are readily seen 


* Cf. § 53. Here, with every point of a line on which a scale has been estab- 
lished, is associated a mark which is the coérdinate of the point, 
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to be —1, 4, 2 respectively, for the constructions of our number 
system give at once H(RR, RP.,), H(R#, BR), and H(A, LA). 

We now proceed to develop an analytic expression for the cross 
ratio Bs (#,x,, #2,) of any four points on a line (or, in general, of any 
four elements of any one-dimensional primitive form) whose coordi- 
nates in a given scale are given. It seems desirable to precede this 
derivation by an explicit definition of this cross ratio, which is inde- 
pendent of von Staudt’s algebra of throws. 

DEFINITION. The cross ratio Ix (x,7,, ,7,) of elements 2,, Z,, £4, @, 
of any one-dimensional form is, if ~,, 7,, 2, are distinct, the coordi- 
nate X of the element of the form into which 2, is transformed by 
the projectivity which transforms «,, 7,, x, into , 0, 1 respectively ; 
ie. the number, d, defined by the projectivity z,7,7,7,7 ©01Xr. If 
two of the elements 2,, z,, ~, coincide and 2, is distinct from all of 
them, we define B(x,x,, 2,x,) as that one of B (z,2,, 2,27,), B (x,2%,, 
#,0,), Be (x,X,, #,2,), for which the first three elements are distinct. 


THEOREM 13. The cross ratio Bi (x,%,, 2,x,) of the four elements 


whose coordinates are respectively 2, ©, L,, ©, 1s given by the relation 


(x, — #5) : (2, — #;) : 


A= Kh (a,x m= Eres 


12) 


(A ER) 
Proof. The transformation 


is evidently a projectivity, since it is reducible to the form of a 
linear fractional transformation, viz., 


hex — (X= %) + &, (x, — 2&5) 

ah (ae 5) + Ly (XL_— as) 
in which the determinant (#,— «,) (7,— #,)(«,— @,) is not zero, pro- 
vided the points ,, x, #, are distinct. This projectivity transforms 
L1, Lp, Z, Into o, 0, 1 respectively. By definition, therefore, this pro- 
jectivity transforms x, into the point whose codrdinate is the cross 
ratio in question, ie. into the expression given in the theorem. If 
#, %, ©, are not all distinct, replace the symbol RB (a,«,, x,7,) by one 
of its equal cross ratios R (x,2,, 2,2), etc.; one of these must have 
the first three elements of the symbol distinct, since in a cross ratio 


of four points at least three must be distinct (def.). 
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CoROLLARY 1. We have in particular 
B (2,2, %,%,)= 0, Bi (x,%,, 2,%,)=0, and B(x,x,, x,x,)=1, 


Le 22 LSP R) 
Uf @,, X,, @, are any three distinct elements of the form. (A, E) 
CoROLLARY 2. The cross ratio of a harmonic set H(x,x,, x,x,) ts 
B (x,%,, 2,%,) =—1, for we have H(oo 0, 1—1). (A, E, P) 
CoroLuary 3. If B (x,x,, £,2,) =r, the other five cross ratios of the 
throws composed of the four elements «,, X,, 5, LY, are 





1 ieee 
Bi (x,2,, IN A 1 Carn, ok = 2 
LNGR ES 4o89 \— 1 Xr 
( 1739873 4) j B (2,2, Wily) = <> =a 
B (#,2,, @,%,) = Tay 


(A, E, P) 
The proof is left as an exercise. 


CoroLuaRy 4. If %,, %,, #,, x, form a harmonic set H(x,x,, #,%,), 
we have 











(A, E, P) 
The proof is left as an exercise. 


Coroutuary 5. Jf a, b, ¢ are any three distinct elements of a one- 
dimensional primitive form, and a', b', c' are any three other distinct 
elements of the same form, then the correspondence established by the 
relation Fi (ab, cv) = Bi (a'b’, c'x') is projective. (A, E, P) 

Proof. Analytically this relation gives 


E—¢ b—xz- a’ —e' p'—x 














= ; . 
a@a—w b—ce a'—z' t'—de 


which, when expanded, evidently leads to a bilinear equation in 
the variables x, x’, which defines a projective correspondence by 
Theorem 11, Cor. 3. 


That the cross ratio 
LGN SES 5 Ne: 





L,—2, f—%, 

is invariant under any projective transformation may also be verified directly 
by observing that each of the three types (1), (11), (III) of projectivities on 
pp. 152, 153 leaves it invariant. That every projectivity leaves it invariant 


then follows from Theorem 11. 
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57. Coordinates in a net of rationality on a line. We now con- 
sider the numbers associated with the points of a net of rationality 
on a line. The connection between the developments of this chapter 
and the notion of a linear net of rationality is contained in the 
following theorem: 

TuEorEM 14. The coordinates of the points of the net of rationality 
R(RRR) form a number system, or field, which consists of all numbers 
each of which can be obtained by a finite number of rational algebrate 
operations on 0 and 1, and only these. (A, E) 


Proof. By Theorem 14, Chap. IV, the linear net is a line of the 
rational space constituted by the points of a three-dimensional net of 
rationality. By Theorem 20, Chap. IV, this three-dimensional net is 
4 properly projective space. Hence, by Theorem 10 of the present 
chapter, the numbers associated with R(01c0) form a field. 

All numbers obtainable from 0 and 1 by the operations of addi- 
tion, subtraction, multiplication, and division are in R(01le), because 
(Theorem 9, Chap. IV) whenever « and y are in R(01ec) the quadran- 
gular sets determining «+ y, xy, e—y, x/y have five out of six 
elements in R(01c). On the other hand, every number of R(010) 
can be obtained by a finite number of these operations. This follows 
from the fact that the harmonic conjugate of any point a in R(01e0) 
with respect to two others, 0, c, can be obtained by a finite number 
of rational operations on a, b,c. This fact is a consequence of Theo- 
rem 13, Cor. 2, which shows that x is connected with a, b, ¢ by the 
relation 

(x — b) (a —c)+(%—c)(a—b)=0. 
Solving this equation for #, we have 


2 be — ab — ac 


Te 
2a—b—c 


a number * which is clearly the result of a finite number of rational 
operations on a, b,c. This completes the proof of the theorem. We 
have here the reason for the term net of rationality. 

It is well to recall at this point that our assumptions are not yet sufficient 
to identify the numbers associated with a net of rationality with the system 


of all ordinary rational numbers. We need only recall the example of the 
miniature geometry described in the Introduction, § 2, which contained only 


* The expression for x cannot be indeterminate unless b = c, 
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three points on a line. If in that triple-system geometry we perform the con- 
struction for the number 1+1 on any line in which we have assigned the 
numbers 0, 1, 0 to the three points of the line in any way, it will be found 
that this construction yields the point 0. This is due to the fact previously 
noted that in that geometry the diagonal points of a complete quadrangle 
are collinear. In every geometry to which Assumptions A, E, P apply we 
may construct the points 1+1, 1+1+1,..., thus forming a sequence of 
points which, with the usual notation for these sums, we may denote by 0, 1, 
2, 3, 4, .... Two possibilities then present themselves: either the points 
thus obtained are all distinct, in which case the net R(01l0) contains all the 
ordinary rational numbers ; or some point of this sequence coincides with one 
of the preceding points of the sequence, in which case the number of points 
in a net of rationality is finite. We shall consider this situation in detail in 
a later chapter, and will then add further assumptions. Here it should be 
emphasized that our results hitherto, and all subsequent results depending only 
on Assumptions A, E, P, are valid not only in the ordinary real or complex 
géometries, but in a much more general class of spaces, which are character- 
ized merely by the fact that the coérdinates of the points on a line are the 
numbers of a field, finite or infinite. 


58. Homogeneous coordinates on a line. The exceptional character 
of the point 2, as the coordinate of which we introduced a symbol 
ce with exceptional properties, often proves troublesome, and is, more- 
over, contrary to the spirit of projective geometry in which the points 
of a line are all equivalent; indeed, the choice of the point 2 was 
entirely arbitrary. It is exceptional only in its relation to the opera- 
tions of addition, multiplication, etc., which we have defined in terms 
of it. In this section we will describe another method of denoting 
points on a line by numbers, whereby it is not necessary to use any 
exceptional symbol. 

As before, let a scale be established on a line by choosing any three 
points to be the points R, #, #; and let each point of the line be 
denoted by its (nonhomogeneous) codrdinate in a number system 
isomorphic with the points of the line. We will now associate with 
every point a pair of numbers («,, @,) of this system in a given order, 
such that if # is the (nonhomogeneous) codrdinate of any point dis- 
tinct from R,, the pair (x,, «,) associated with the point « satisfies the 
relation = 2,/x, With the point 2, we associate any pair of the 
form (k,0), where & is any number (k#0) of the number system 
isomorphic with the line. Zo every point of the line corresponds a pair 
of numbers, and to every pair of numbers in the field, except the pair 


164 ALGEBRA OF POINTS [Cuar. VI 


(0,0), corresponds a unique point of the line. These two numbers are 
called homogeneous codrdinates of the point with which they are 
associated, and the pair of numbers is said to represent the point. 
This representation of points on a line by pairs of numbers is not 
unique, since only the ratio of the two codrdinates is determined ; 
ie. the pairs (z,, z,) and (ma,, m#,) represent the same point for all 
values of m different from 0. The point 4 is characterized by the 
fact that v,=0; the point 2 by the fact that z,=0; and the point 
Ff by the fact that 2, = 2,. 

THEOREM 15. In homogeneous coérdinates a projectivity on a line ts 
represented by a linear homogeneous transformation in two variables, 


(1) 
where p is an arbitrary factor of proportionality. (A, E, P) 


pai = ax, + bx,, (ad — be #0 
prj =cx,+ dz,, 


Proof. By division, this clearly leads to the transformation 
(2) pala 

cx + a 
provided w and x, are both different from 0. If z,= 0, the trans- 
formation (1) gives the point (x, x) = (a,c); ie. the point R= 
(1, 0) is transformed by (1) into the point whose nonhomogeneous 
coordinate is a/c. And if a/=0, we have in (1) (z,, z,)=(d, —c); 
i.e. (1) transforms the point whose nonhomogeneous coérdinate is 
—d/c into the point R. By reference to Theorem 11 the validity 
of the theorem is therefore established. 





As before, the matrix e 2) of the coefficients may conveniently 


be used to represent the projectivity. The double points of the pro- 
jectivity, if existent, are obtained in homogeneous codrdinates as 
follows: The coordinates of a double point (x,, 2) must satisfy the 
equations px, = ax, + be,, 
px, = cx, + dx,. 

These equations are compatible only if the determinant of the system 

(3) (4 — p)x, + bx, = 0, 
cx, + (d — p) x, = 0, 
vanishes. This leads to the equation 


C— 
C 





ae |=0 
d—p 
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for the determination of the factor of proportionality p. This equa- 
tion is called the characteristic equation of the matrix representing 
the projectivity. Every value of p satisfying this equation then leads 
to a double point when substituted in one of the equations (3); viz., 
if p, be a solution of the characteristic equation, the point 
(2, %,) =(— b, a—p,)=(d —p,, —¢) 

is a double point.* 

In homogeneous coordinates the cross ratio (AB, CD) of four 
points A =(a,, a,), B=(6,, 6,), C=(¢,, ¢,), D=(d,, d,) is given by 

__ (ae) , (bc) 
B (AB, CD any baie 

where the expressions (ac), etc., are used as abbreviations for a,¢,—a,¢,, 
etc. This statement is readily verified by writing down the above 
ratio in terms of the nonhomogeneous coordinates of the four points. 

We will close this section by giving to the two homogeneous coGr- 
dinates of a point on a line an explicit geometrical significance. In 
view of the fact that the coordinates of such a point are not uniquely 
determined, a factor of proportionality being entirely arbitrary, there 
may be many such interpretations. On account of the existence of 
this arbitrary factor, we may impose a further condition on the coor- 
dinates («,, z,) of a point, in addition to the defining relation x, /z,=z, 
where « is the nonhomogeneous coordinate of the point in question. 
We choose the relation z,+ 7,=1. If this relation is satisfied, 





























1 —1| {0 1 
La 1 0 

iol ig were ‘ial B ( 10, 22), 
“, x, XL, HX, 
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Thus homogeneous codrdinates subject to the condition #,+ a,=1 
can be defined by choosing three points 4, B, C arbitrarily, and letting 
a, = (AB, CX) and #, = B(AC, BX). The ordinary homogeneous 
coordinates would then be defined as any two numbers proportional 
to these two cross ratios. 


* This point is indeterminate only if b=c=0 and a=d. The projectivity is 
then the identity. 
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59. Projective correspondence between the points of two different 
lines. Hitherto we have confined ourselves, in the development of 
analytic methods, to the points of a single line, or, under duality, to 
the elements of a single one-dimensional primitive form. Suppose 
now that we have two lines 7 and m with a scale on each, and let 
the nonhomogeneous coérdinate of any point of / be represented by 
x, and that of any point of m by y. The question then arises as to 
how a projective correspondence between the point # and the point y 
may be expressed analytically. It is necessary, first of all, to give a 
meaning to the equation y=. In other words: What is meant by say- 
ing that two points —~ on J, and y on m—have the same coordinate ? 
The codrdinate 2 is a number of a field and corresponds to the point 
of which it is the codrdinate in an isomorphism of this field with the 
field of points on the line 7. We may think of this same field of 
numbers as isomorphic with the field of points on the line m. In 
bringing about this isomorphism nothing has been specified except 
that the fundamental points &, R, &, determining the scale on m 
must correspond to the numbers 0, 1 and the symbol o respectively. 
If the correspondence between the points of the line and the numbers 
of the field were entirely determined by the respective correspond- 
ences of the points 4, #£, 2 just mentioned, then we should know 
precisely what points on the two lines / and m have the same codr- 
dinates. It is not true of all fields, however, that this correspondence 
is uniquely determined when the points corresponding to 0, 1, oo are 
assigned.* It is necessary, therefore, to specify more definitely how 
the isomorphism between the points of m and the numbers of the 
field is brought about. One way to bring it about is to make use of 
the projectivity which carries the fundamental points 0, 1, o of 
into the fundamental points 0, 1, co of m, and to assign the codrdinate 
x of any point A of / to that point of m into which 4 is transformed 
by this projectivity. In this projectivity pairs of homologous points 
will then have the same codrdinates. That the field of points and the 
field of numbers are indeed made isomorphic by this process follows 
directly from Theorems 1 and 3 in connection with Theorem 1, Cor. 


Chap. 1V. We may now readily prove the following theorem: 


* This is shown by the fact that the field of all ordinary complex numbers can 
be isomorphic with itself not only by making each number correspond to itself, but 
also by making each number a +- ib correspond to its conjugate a — ib, 
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THEOREM 16. Any projective correspondence between the points [x] 
and [y] of two distinct lines may be represented analytically by the 
relation y= «x by properly choosing the cobrdinates on the two lines. 
If the coordinates on the two lines are so related that the relation 
yY =x represents a projective correspondence, then any projective cor- 
respondence between the points of the two lines ts given by a relation 


__ a2+56 
cata 





(ad — be # 0). 


CE) 

Proof. The first part of the theorem follows at once from the pre- 
ceding discussion, since any projectivity is determined by three pairs 
of homologous points, and any three points of either line may be 
chosen for the fundamental points. In fact, we may represent any 
projectivity between the points of the two lines by the relation y = a, 
by choosing the fundamental points on / arbitrarily; the fundamental 
points on m are then uniquely determined. To prove the second part 
of the theorem, let 7 be any given projective transformation of the 
points of the line / into those of m, and let w, be the projectivity 
y =a, regarded as a transformation from m to 7. The resultant 
7,7 = 7, is a projectivity on /, and may therefore be represented by 
a! = (ax + b)/(cu +d). Since 7 = 7, '7,, this gives readily the result 
that 7 may be represented by the relation given in the theorem. 


EXERCISES 


1. Give constructions for subtraction and division in the algebra of points 
on a line. 

2. Give constructions for the sum and the product of two lines of a pencil 
of lines in which a scale has been established. 

3. Develop the point algebra on a line by using the properties expressed in 
Theorems 2 and 4 as the definitions of addition and multiplication respec- 
tively. Is it necessary to use Assumption P from the beginning ? 

4. Using Cor. 3 of Theorem 9, Chap. III, show that addition and multi- 
plication may be defined as follows: As before, choose three points Py, P,, 
P., on a line J as fundamental points, and let any line through P., be labeled 
ln. Then the sum of two numbers P, and P, is the point P,,, , into which P, 
is transformed by the elation with axis J and center P, which transforms 
P, into P,; and the product P,,- P, is the point P,, into which P, is trans- 
formed by the homology with axis /, and center P, which transforms P, into 
P,. Develop the point algebra on this basis without using Assumption P, 
except in the proof of the commutativity of multiplication. 
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5. If the relation az = by holds between four points a, b, x, y of a line, 
show that we have Q(0ba, eyr). Is Assumption P necessary for this result? 


La Lo — Le « 
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6. Prove by direct computation that the expression : 
bg —— iy le ae 


unchanged in value when the four points z,, 7,, £,, , are subjected to any 














near! fractional transtornian toute ee b 
cr +d 
7. Prove that the transformations 
: - A Sat 
N= X, XN MAGS — NAS Nae _N= 
A 1—xX A-1 r 


form a group. What are the periods of the various transformations of this 
group? (Cf. Theorem 138, Cor. 3.) 

8. If A, B, C, P,, P,,-:-, P, are any n+ 3 points of a line, show that 
every cross ratio of any four of these points can be expressed rationally in 
terms of the n cross ratios A;= BK (AB, CP;), 1=1, 2,---,n. When n=1 
this reduces to Theorem 13, Cor. 3. Discuss in detail the case n = 2. 

9. If BR (2,2,, 4,2,) = A, show that 

7 Xr 





Lec ee |e ty 
The relation of Cor. 3 of Theorem 13 is a special case of this relation. 
10. Show that if K (AB, CD) = K (AB, DC), the points form a harmonic 
set H(AB, CD). 
11. If the cross ratio B® (AB, CD) = X satisfies the equation A2— A +1=0, 
then B (AB, CD) = (AC, DB) = B (AD, BC) =), 
and B (AB, DC) = & (AC, BD) = B& (AD, CB) =— A2. 
12. If A, B, X, Y, Z are any five distinct points on a line, show that 
(AB, XY)-& (AB, YZ): RB (AB, ZX) =1. 
13. State the corollaries of Theorem 11 in homogeneous codrdinates. 
14. By direct computation show that the two methods of determining the 
double points of a projectivity described in $$ 54 and 58 are equivalent. 
15. If Q(ABC, XYZ), then 
B (AX, YC) + R(BY, ZA) +B (CZ, XB)=1. 
16. If M,, M,, M, are any three points in the plane of a line 7 but not on 
1, thecross ratios of the lines /, PM,, PM,, PM, are different for any two 
points P on J. 
17. If A, B are any two fixed points on a line J, and Y, Y are two variable 
points such that kk (4B, XY) is constant, the set [Xj is projective with the 
set [Y]. 


CHAPTER VII 


COORDINATE SYSTEMS IN TWO- AND THREE-DIMENSIONAL * 
FORMS 


60. Nonhomogeneous codrdinates in a plane. In order to repre- 
sent the points and lines of a plane analytically we proceed as follows: 
Choose any two distinct lines of the plane, which we will call the 
axes of coordinates, and determine on each a scale (§ 48) arbitrarily, 
except that the point of intersection O of the lines shall be the 
0-point on each scale (fig. 78). This point we call the origin. Denote 
the fundamental 
points on one of 
the lines, which 
we call the z-axis, 
by Uo 1, co, sand 
on the other line, 
which we will call 
the y-axis, by 0,, 
1,, «,. Let the 
line oo,00, be de- 
noted by la. 

Now let P be any point in the plane not on /.. Let the lines Po, 
and Poo, meet the z-axis and the y-axis in points whose nonhomoge- 
neous codrdinates are a and b respectively, in the scales just estab- 





O=0= 0, 1: 


Fic. 78 


lished. The two numbers a, } uniquely determine and are uniquely 
determined by the point P. Thus every point in the plane not on /, 
is represented by a pair of numbers; and, conversely, every pair of 
numbers of which one belongs to the scale on the z-axis and the 
other to the scale on the y-axis determines a point in the plane (the 
pair of symbols o,, «, being excluded). The exceptional character 
of the points on J, will be removed presently (§ 63) by considera- 
tions similar to those used to remove the exceptional character of 


* All the developments of this chapter are on the basis of Assumptions 
A, E, P. 
169 
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the point oo in the case of the analytic treatment of the points of a 
line (§ 58). The two numbers just described, determining the point 
P, are called the nonhomogeneous coérdinates of P with reference to 
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the two scales on the z- and the y-axes. The point P is then repre- 
sented analytically by the symbol (a, 0). The number a is called the 
x-coordinate or the abscissa of the point, and is always written first 
in the symbol representing the point; the number 0 is called the 
y-coordinate or the ordinate of the point, and is always written last 
in this symbol. 

The plane dual of the process just described leads to the corre- 
sponding analytic representation of a line in the plane. For this pur- 
pose, choose any two distinct points in the plane, which we will call 
the centers of coordinates ; and in each of the pencils of lines with 
these centers determine a scale arbitrarily, except that the line o join- 
ing the two points shall be the 0-line in each scale. This line we call 
the origin. Denote the fundamental lines on one of the points, which 
we will call the w-center, by 0,,1,, 0,3; and on the other point, which 
we will call the v-center, by 0,, 1,, 00,. Let the point of intersection 
of the lines c,, oo, be denoted by R (fig. 79). 

Now let 7 be any line in the plane not on R. Let the points lo, 
and loo, be on the lines of the w-center and the v-center, whose non- 
homogeneous codrdinates are m and m respectively in the scales just 
established. The two numbers m, » uniquely determine and are 
uniquely determined by the line 7. Thus every line in the plane not 
on J is represented by a pair of numbers; and, conversely, every pair 
of numbers of which one belongs to the scale on the w-center and the 
other to the scale on the v-center determines a line in the plane (the 
pair of symbols c,, 0, being excluded). The exceptional character 
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of the lines on & will also be removed presently. The two numbers 
just described, determining the line /, are called the nonhomogeneous 
coordinates of 1 with reference to the two scales on the w- and 
v-centers. The line / is then represented analytically by the symbol 
[m, n]. The number m is called the w-codrdinate of the line, and is 
always written first in the symbol just given; the number 1 is called 
the v-codrdinate of the line, and is always written second in this 
symbol. A variable point of the plane will frequently be represented 
by the symbol (z, y); a variable line by the symbol [u, v]. The codr- 
dinates of a point referred to two axes are called point codrdinates ; 
the codrdinates of a line referred to two centers are called line codr- 
dinates. The line /,, and the point & are called the singular line and 
the singular pownt respectively. 

61. Simultaneous point and line coordinates. In developing further 
our analytic methods we must agree upon a convenient relation 
between the axes and centers of the point and line codrdinates respec- 
tively. Let us consider any triangle in the plane, say with vertices 
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O, U,V. Let the lines OU and OV be the y- and w-axes respectively, 
and in establishing the scales on these axes let the points U, V be 
the points «,, oo, respectively (fig. 80). Further, let the points U, V 
be the w-center and the v-center respectively, and in establishing the 
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scales on these centers let the lines UO, VO be the lines ~,, ~, 
respectively. The scales are now established except for the choice of 
the 1 points or lines in each scale. Let us choose arbitrarily a point 
1, on the z-axis anda point 1, on the y-axis (distinct, of course, from 
the points O, U, V). The scales on the axes now being determined, 
we determine the scales on the centers as follows: Let the line on 
U and the point —1, on the z-axis be the line 1,; and let the line 
on V and the point — 1, on the y-axis be the line 1,. All the scales 
are now fixed. Let a be the projectivity (§ 59, Chap. VI) between 
the points of the z-axis and the lines of the uw-center in which -points 
and lines correspond when their z- and w-coodrdinates respectively 
are the same. If 7’ is the perspectivity in which every line on the 
u-center corresponds to the point in which it meets the z-axis, the 
product 7m transforms the z-axis into itself and interchanges O and 
o,,and 1, and —1, Hence 7'z is the involution z’=—1/z. Hence 
it follows that the line on U whose codrdinate is u is on the point of 
the x-axis whose coordinate is —1/u; and the point on the x-axis 
whose coordinate is « is on the line of the u-center whose coordinate 
is —1/z. This is the relation between the scales on the z-axis and 
the u-center. 

Similar considerations with reference to the y-axis and the v-center 
lead to the corresponding result in this case: The line on V whose coor- 
dinate is v is on that point of the y-axis whose codrdinate is —1/v; 
and the point of the y-axis whose coordinate is y is on that line of the 
v-center whose coordinate is —1/y. 

62. Condition that a point be on a line. Suppose that, referred to 
a system of point-and-line coérdinates described above, a point P has 
coordinates (a, b) and a line / has coordinates [m, n]. The condition 
that P be on / is now readily obtainable. Let us suppose, first, that 
none of the coordinates a, b, m,n are zero. We may proceed in either 
one of two dual ways. Adopting one of these, we know from the 
results of the preceding section that the line [m, x] meets the z-axis 
in a point whose 2-codrdinate is —1/m, and meets the y-axis in a 
point whose y-codrdinate is —1/n (fig. 81). Also, by definition, the 
line joining P = (a,b) to U meets the x-axis in a point whose 2z-coér- 
dinate is a; and the line joining P to V meets the y-axis in a point 
whose y-codrdinate is 6. If P is on /, we clearly have the following 
perspectivity : 
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1 IP 
(1) rae Oac,, Seren Ow,b 
Hence we have 
(2) B (- = 0, aco,) =k (- a 0, xb) 
m n 


which, when expanded (Theorem 13, Chap. VI), gives for the desired 
condition 
(3) ma+nb+1=0. 


This condition has been shown to be necessary. It is also sufficient, 
for, if it is satisfied, relation (2) must hold, and hence would follow 
(Theorem 13, Cor. 5, Chap. VI) 


But since this projectivity has the self-corresponding element O, it 
is a perspectivity which leads to relation (1). But this imphes that 
P is on l. 





Fic, 81 


If now a=0(b#0), we have at once b=—1/n; andifb=0(a#0), 
we have likewise a =—1/m for the condition that P be on J. But 
each of these relations is equivalent to (3) when a=0 and b=0 
respectively. The combination a = 0, b= 0 gives the origin 0 which 
is never on a line [m, n] where m + «on. It follows in the same 
way directly from the definition that relation (3) gives the desired 
condition, if we have either m=0 orn=0. The condition (3) is 
then valid for all cases, and we have 
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THEOREM 1. Zhe necessary and sufficient condition that a point 
P =(a, b) be on a line l=[m, n] ts that the relation ma +nb+1=0 


be satisfied. 

DEFINITION. The equation 
which is satisfied by the coordi- 
nates of all the points on a given 
line and no others is called the 
point equation of the line. 


CorOLLARY 1. The point equa- 
tion of the line [m, n] ws 


DEFINITION. The equation 
which is satisfied by the coordi- 
nates of all the lines on a given 
point and no others is called the 
line equation of the point. 


Corotuary 1’. The line equa- 
tion of the point (a, b) ws 


mz + ny +1= 0. au+bv+1=0. 


EXERCISE 


Derive the condition of Theorem 1 by dualizing the proof given. 


63. Homogeneous coordinates in the plane. In the analytic repre- 
sentation of points and lines developed in the preceding sections the 
points on the line UV =o and the lines on the point O were left 
unconsidered. To remove the exceptional character of these points 
and lines, we may recall that in the case of a similar problem in the 
analytic representation of the elements of a one-dimensional form we 
found it convenient to replace the nonhomogeneous codrdinate 2 of 
a point on a line by a pair of numbers 2,, x, whose ratio w,/z, was 
equal to #(# * oo), and such that z,= 0 when z= o. 

A similar system of homogeneous codrdinates can be established for 
the plane. Denote the vertices O, U, V of any triangle, which we will 
call the triangle of reference, by the “ coordinates” (0, 0, 1), (0, 1, 0), 
(1, 0, 0) respectively, and an arbitxary point 7, not on a side of the 
triangle of reference, by (1, 1, 1). The complete quadrangle OUVT 
is called the frame of reference * of the system of codrdinates to be 
established. The three lines U7, V7, OT meet the other sides of the 
triangle of reference in points which we denote by 1, =(1, 0, 1), 
1,=(0, 1,1), 1,=(1, 1, 0) respectively (fig. 82). 

We will now show how it is possible to denote every point in the 
plane by a set of codrdinates (x,, x, 2). Observe first that we have 
thus far determined three points on each of the sides of the triangle 


* Frame of reference is a general term that may be applied to the fundamental 
elements of any codrdinate system. 
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of reference, viz.: (0,0,1), (0,1,1), (0,1,0) on OU; (0,0, 1), (1,0, 1); 
(1, 0, 0) on OV; and (0, 1, 0), (1, 1, 0), (1, 0,0) on UV. The codrdi- 
nates which we have assigned to these points are all of the form 
(21, %,, Z,). The three points on OU are characterized by the fact that 
x,= 0. Fixing attention on the remaining coédrdinates, we choose the 
points (0, 0, 1), (0, 1, 1), (0, 1, 0) as the fundamental points (0, 1), 
(1, 1), (1, 0) of a system of homogeneous codrdinates on the line OU. 
If in this system a point has codrdinates (/, m), we denote it in our 
planar system by (0,/,m). In like manner, to the points of the other 
two sides of the triangle of reference may be assigned coérdinates of 
the form (4, 0, m) and (k, 1, 0) respectively. We have thus assigned 
coordinates of the form (#,, %,, #,) to all the points of the sides of the 
triangle of reference. Moreover, the codrdinates of every point on 
these sides satisfy one of the three relations 2,= 0, v,=0, 7, = 0. 

Now let P be any point in the plane not on a side of the triangle 
of reference. P is uniquely determined if the coordinates of its pro- 
jections from any two of the vertices of the triangle of reference on 
the opposite sides are known. Let its projections from U and V on 
the sides OV and OU be (k, 0, 2) and (0, /', n') respectively. Since 
under the hypothesis none of the numbers 4, n, l', n' is zero, it is 
clearly possible to choose three numbers (#,, 7, Z,) such that 2,: x, 
=k:n, and z,:x,=/':n'. We may then denote P by the codrdinates 
(z,, £,, £,). To make this system of coordinates effective, however, 
we must show that the same set of three numbers (#,, 7, ,) can be 
obtained by projecting P on any other pair of sides of the triangle 
of reference. In other words, we must show that the projection of 
P =(«,, £,, #,) from O on the line UV is the point (#,, 2,, 0). Since 
this is clearly true of the point 7 =(1, 1, 1), we assume P distinct 
from 7. Since the numbers w,, ,, #, are all different from 0, let us 
place z,:2,=, and x,:2,=y, so that x and y are the nonhomoge- 
neous coordinates of (z,, 0, x,) and (0, #,, #,) respectively in the scales 
on OV and OU defined by O=0,, 1,,V =, and O=0,,1,, V=0, 
Finally, let OP meet UV in the point whose nonhomogeneous coér- 
dinate in the scale defined by U=0,, 1,, V=c, is z; and let OP 
meet the line 1,V in 4. We now have 


ce 1 


i fines aa Riese 


O hen 
0, 0,1,¢= 1,0,74 = 
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where C is the point in which VA meets OU. This projectivity 
between the lines UV and OU transforms 0, into «,, 0, into 0,, and 
1, into 1,. It follows that C has the codrdinate 1 /z in the scale on 
OU. We have also : 


U 
0,017 = 20_,AP 7 00,0, 2 Y; 
which gives 


1 
2M (20,0, 1,0) =B (20,0, 24) = 28 


Substituting = ,:%,, and y = 2,:,, this gives the desired relation 
z=2,:%, The results of this discussion may be summarized as 
follows: 





O=(001) 1=(101) 


THEOREM 2. Derinition. Jf P is any point not on a side of the 
triangle of reference OUYV, there exist three numbers x,, £,, x, (all dif- 
Jerent from 0) such that the projections of P from the vertices O, U, 
V on the opposite sides have coordinates (x,, ©, 0), (2, 0, a), (0, a5, 2) 
respectively. These three numbers are called the homogeneous cobrdi- 
nates of P, and P is denoted by (x,, &, &;). Any set of three numbers 
(not all equal to 0) determine uniquely a point whose (homogeneous) 
coordinates they are. 

The truth of the last sentence in the above theorem follows from 
the fact that, if one of the codrdinates is 0, they determine uniquely 
a point on one of the sides of the triangle of reference; whereas, if 
none is equal to 0, the lines joining U to (a,, 0,2,) and V to (0, a, ,) 
meet in a point whose codrdinates by the reasoning above are (XL,,%q, Ly). 
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Corotuary. The coordinates (a,, x, x,) and (kx,, ka, kx,) determine 
the same point, if k is not 0. 


Homogeneous line coédrdinates arise by dualizing the above discus- 
sion in the plane. Thus we choose any quadrilateral in the plane as 
frame of reference, denoting the sides by [1, 0, 0], [0, 1, 0], [0, 0, 1], 
[1, 1,1] respectively. The points of intersection with [1, 1, 1] of the 
lines [1, 0, 0], [0, 1, 0], [0, 0, 1] are joined to the vertices of the tri- 
angle of reference opposite to [1, 0, 0], [0, 1, 0], [0, 0, 1] respectively 
by lines that are denoted by [0, 1, 1], [1, 0, 1], [1, 1, 0]. The three 
lines [1, 0, 0], [1, 1, 0], [0, 1, 0] are then taken as the fundamental 
lines [1, 0], [1,1], [0, 1] of a homogeneous system of coérdinates in 
a flat pencil. If in this system a line is denoted by [w,, u,], it is 
denoted in the planar system by [w,, w,, 0]. In like manner, to the 
lines on the other vertices are assigned coédrdinates of the forms 
[0, #,, u,] and [w,, 0, u,] respectively. As the plane dual of the 
theorem and definition above we then have at once 


THEOREM 2’. DEFINITION. Jf 1 ts any line not on a vertex of the 
triangle of reference, there exist three numbers u,, U,, U, all different 
Jrom zero, such that the traces of 1 on the three sides of the triangle of 
reference are projected from the respective opposite vertices by the lines 
[w,, Up, 0], [,, 0, w,], [9, w, wy]. These three numbers are called the 
homogeneous coordinates of l, and 1 is denoted by [u,, Uy, Uz]. Any 
set of three numbers (not all zero) determine uniquely a line whose 
coordinates they are. 


Homogeneous point and line codrdinates may be put into such 
a relation that the condition that a point (7, 7, 7,) be on a line 
[u,, Uy) U] is that the relation u,x,+ u,”, + u,v, = 0 be satisfied. We 
have seen that if («,, ,, z,) is a point not on a side of the triangle of 
reference, and we place x= 2,/z,,and y= «,/x,, the numbers (7, y) 
are the nonhomogeneous codrdinates of the point (#,, 2, #,) referred 
to OV as the z-axis and to OU as the y-axis of a system of nonho- 
mogeneous codrdinates in which the point 7=(1, 1, 1) is the point 
(1, 1) (0, U, V being used in the same significance as in the proof of 
Theorem 2). By duality, if [w,,w,,v,] 1s any line not on any vertex 
of the triangle of reference, and we place w=w,/u, and v=u,/w,, 
the numbers [w, v] are the nonhomogeneous coordinates of the line 
[2,, Uy, Us] referred to two of the vertices of the triangle of reference 
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as U-center and V-center respectively, and in which the line [1, 1, 1] 
is the line [1,1]. If, now, we superpose these two systems of nonhom- 
ogeneous coordinates in the way described in the preceding section, 
the condition that the point (z, y) be on the line [w, v] is that the 
relation wx + vy +1=0 be satisfied (Theorem 1). It is now easy to 
recognize the resulting relation between the systems of homogeneous 
coordinates with which we started. Clearly the point (0, 1,0)=U is 
the U-center, (1, 0,0)=V is the V-center, and (0, 0, 1) = O is the third 


<1,=(110) 





vertex of the triangle of reference in the homogeneous system of line 
coérdinates. Also the line whose points satisfy the relation 7, = 0 is 
the line [1, 0, 0], the line for which x, = 0 is the line [0, 1, 0], and 
the line for which z,=0 is the line [0, 0, 1]. Finally, the line 
[1, 1]=[1, 1, 1], whose equation in nonhomogeneous codrdinates is 
z+y+1=0, meets the line 2,=0 in the point (0,—1, 1), and the 
line ~,= 0 in the point (—1, 0,1). The two codrdinate systems are 
then completely determined (fig. 83). 

It now follows at once from the result of the preceding section 
that the condition that (#,, #,, 7,) be on the line [w,, w 
U,@, + U,%, + u,v, = 0, if none of the codrdinates w,, x,, x 


Hos 


ay Ul, [eas 


a bob, Ue 
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is zero. To see that the same condition holds also when one (or more) 
of the coordinates is zero, we note first that the points (Oj— ds 1) 
(—1, 0, 1), and (—1, 1, 0) are collinear. They are, in fact (fig. 83), on 
the axis of perspectivity of the two perspective triangles OUV and 
1,1,1,, the center of perspectivity being 7. It is now clear that 


ay 
the line [1, 0, 0] passes through the point (0, 1, 0), 
the line [0, 1, 0] passes through the point (1, 0, 0), 
the line [1, 1, 0] passes through the point (— 1, 1, 0). 


There is thus an involution between the points (z,,x,,0) of the line 
x,= 0 and the traces (x/, wJ, 0) of the lines with the same codrdinates, 
and this involution is given by the equations 


In other words, the line [w,, u,, 0] passes through the point (— w,, w,, 0). 
Any other point of this line (except (0,0, 1)) has, by definition, the 
coordinates (—w,, u,, #,). Hence all points (x,, x, #,) of the line 
[w,, %,, 0] satisfy the relation w,x,+ u,%,+ u,%,= 0. The same argu- 
ment applied when any one of the other codrdinates is zero estab- 
lishes this condition for all cases. A system of point and a system 
of line codrdinates, when placed in the relation described above, will 
be said to form a system of homogeneous point and line coordinates in 
the plane. The result obtained may then be stated as follows: 

THEOREM 3. Jn a system of homogeneous point and line coordinates 
in a plane the necessary and sufficient condition that a point (x,, #,, X5) 
be on a line [u,, U,, Uz] ts that the relation U,x,+ U2, + Ur, = 0 b 
satisfied. 

CoroLtLary. The equation of a line through the origin of a system 
of nonhomogeneous coordinates is of the form mx + ny = 0. 


EXERCISES 


1. The line [1, 1, 1] is the polar of the point (1,1, 1) with regard to the 
triangle of reference (cf. p. 46). 
2. The same point is represented by (a,, a, ag) and (0,, 6,, 6,) if and only 


ae He GAG 
if the two-rowed determinants of the matrix (7: i ‘) are all zero. 
1 % % 


3. Describe nonhomogeneous and homogeneous systems of line and plane 
coordinates in a bundle by dualizing in space the preceding discussion. In 
such a bundle what is the condition that a line be on a plane? 
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64. The line on two points. The point on two lines. Given two 
points, 4 =(a,,a,,a,) and B=(b,, b,,b,), the question now arises as 
to what are the codrdinates of the line joining them; and the dual 
of this problem, namely, given two lines, m =[m,, m,, m,] and n = 
[7,,%, %,], to find the coordinates of the point of intersection of the 


two lines. 
































THEOREM 4. The equation of THEOREM 4'. The equation of 
the line joining the points (a,,4,,4,) the point of intersection of the 
and (b,,b,, b,) as lines [m,,m,,m,| and [N,,2,, 2] 1s 

oe ies Go Uy Uy Us 
a, a, a,|/= 0. m, Mm, m,|= 0. 
b, 0, 8 N, Ne, Ns 
Proof. When these determinants are expanded, we get 
a, a 
2\7,= 0, 
7 m 
su, a8 mM. M, Uy+ 1 M, u,= 0, 
Ny Ns Ng 1 1 a 




















respectively. The one above is the equation of a line, the one below 
the equation of a point. Moreover, the determinants above both 
evidently vanish when the variable codrdinates are replaced by the 
coordinates of the given elements. The expanded form just given 
leads at once to the following: 






































CorROLLARY 1. The coordinates CoroLuaryY 1'. The codrdinates 
of the line joining the points of the point of intersection of the 
(@,, @,, @,), (0, 0,, 6,) are lines [m,, M,, Mg], [N4, N., Ns] are 
ue Hy M,/,|@, a,|,|@, a, Wty: ly = My Ms] |My My], |M, Ms] 

aay b, lds b, ‘1p, b, N, M,| |, N,| |n, 2, 

There also follows immediately from this theorem: 

CoroLLaRY 2. The condition CoroLLaRY 2'. The condition 
that three points A, B, C be col- that three lines m, n, p be con- 
linear is current vs 

A, A, a, Mm, M, Ms 
b, 6, b,|= 0. n, nh, n,|= 0. 
Cy C, Cy Py Po Ps 














ExampLe. Let us verify the theorem of Desargues (Theorem 1, Chap. TI) 
analytically. Choose one of the two perspective triangles as triangle of refer- 
ence, say A’=(0,0,1), B’=(0,1,0), C’=(1, 0, 0), and let the center of per- 
spectivity be P=(1, 1,1). If the other triangle is ABC, we may place 
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A=(1,1,a), B=(1,6,1), C=(e,1,1); for the equation of the line PA’ 
is r,— x,= 0; and since A is, by hypothesis, on this line, its first two coérdi- 
nates must be equal, and may therefore be assumed equal to 1; the third 
coordinate is arbitrary. Similarly for the other points. Now, from the above 
theorems and their corollaries we readily obtain in succession the following : 
The coédrdinates of the line A’B’ are [1, 0, 0]. 
The coérdinates of the line AB are [1 — ab, a—1, b—1]}. 
Hence the codrdinates of their intersection C” are 
C*=(0; 1— 0, a= 1). 
Similarly, we find the coérdinates of the intersection A” of the lines B’C’, BC 
to be AVS (l— 6, V1, 0); 
and, finally, the coérdinates of the intersection B” of the lines C’A’, C'A to be 
Ie = (@= i Os = Op 
The points A”, B”’, C” are readily seen to satisfy the condition for collinearity. 
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EXERCISES 


1. Work through the dual of the example just given, choosing the sides of 
one of the triangles and the axis of perspectivity as the fundamental lines of 
the system of coérdinates. Show that the work may be made identical, step 
for step, with that above, except for the interpretation of the symbols. 

2. Show that the system of codrdinates may be so chosen that a quadrangle- 
quadrilateral configuration is represented by all the sets of coordinates that 
can be formed from the numbers 0 and 1. Dualize. 

3. Derive the equation of the polar line of any point with regard to the 
triangle of reference. Dualize. 


65. Pencils of points and lines. Projectivity. A convenient ana- 
lytic representation of the points of a pencil of. points or the lines of 
a pencil of lines is given by the following dual theorems: 

THEOREM 5’. Any line of a 
pencil of lines may be represented 


THEOREM 5. Any point of a 
pencil of points may be repre- 
sented by by 
P = (A,4, + A,0,, Ag, + 45, P= [MoM + MyNyy Pol, + MyNy, 


Apts aT bs), 
where A=(a, a,,a,) and B= 
(b,, b,, b;) are any two distinct 
points of the pencil. 


Myllby + MMs]; 
where m =[m,, m,, m,| and n= 
[N, No, N,] are any two distinct 
lines of the pencil. 


Proof. We may confine ourselves to the proof of the theorem on 
the left. By Theorem 4, Cor. 2, any point (#,, %,,,) of the pencil of 
points on the line AB satisfies the relation 
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ay dL, de 
(1) a, a, 4,\=0. 
b, b, b, 
We may then determine three numbers p, A, 4, such that we have 
(2) px, = Aja; + AYO, (¢=1, 2,3) 


The number p cannot be 0 under the hypothesis, for then we should 
have from (2) the proportion a,:a,: 4, = ,:0,:b,, which would imply 
that the points A and B coincide. We may therefore divide by p. 
Denoting the ratios X3/p and X{/p by X%, and A,, we see that every 
point of the pencil may be represented in the manner specified. 
Conversely, every point whose codrdinates are of the form specified 
clearly satisfies relation (1) and is therefore a point of the pencil. 

The points A and B in the above representation are called the base 
points of this so-called parametric representation of the elements of 
a pencil of points. Evidently any two distinct points may be chosen 
as base points in such a representation. The ratio A,/A, is called the 
parameter of the point it determines. It is here written in homoge- 
neous form, which gives the point 4 for the value A,=0 and the 
point B for the value A,=0. In many cases, however, it is more 
convenient to write this parameter in nonhomogeneous form, 

P=(a,+ rb, a, + rb,, a, + rb,), 

which is obtained from the preceding by dividing by A, and replacing 
r,/r, by ». In this representation the point B corresponds to the 
value X = «. We may also speak of any point of the pencil under 
this representation as the point d,:A, or the point X% when it corre- 
sponds to the value A,/A, => of the parameter. Similar remarks and 
the corresponding terminology apply, of course, to the parametric 
representation of the lines of a flat pencil. It is sometimes convenient, 
moreover, to adopt the notation 4+ AB to denote any point of the 
pencil whose base points are A, B or to denote the pencil itself; also, 
to use the notation m + pn to denote the pencil of lines or any line 
of this pencil whose base lines are m, n. 

In order to derive an analytic representation of a projectivity 
between two one-dimensional primitive forms in the plane, we seek 
first the condition that the point » of a pencil of points 4+ AB be 
on the line # of a pencil of lines m+ un. By Theorem 3 the condition 
that the point > be on the line wu is the relation 
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> M,+ bN;) (a; + Ab;) = 0. 


When expanded this relation gives 


asa oe a: Nib, + asiak) ESS = (), 
t= 1) Cae! ti 11 


This is a bilinear equation whose coefficients depend only on the coér- 
dinates of the base points and base lines of the two pencils and not 
on the individual points for which the condition is sought. Placing 


>) Dee Gy 3S ==) » m,b,=— A, > ma, = — B, 


this equation becomes Curx+ Du— AX— B=), 


which may also be written * 
AX+B 


1 ae ; 
(1) pe 





The result may be stated as follows: Any perspective relation between 
two one-dimensional primitive forms of different kinds is obtained by 
establishing a projective correspondence between the parameters of the 
two forms. Since any projective correspondence between two one- 
dimensional primitive forms is obtained as the resultant of a sequence 
of such perspectivities, and since the resultant of any two linear frac- 
tional transformations of type (1) is a transformation of the same 
type, we have the following theorem : 

THEOREM 6. Any projective correspondence between two one-dimen- 
sional primitive forms in the plane is obtained by establishing a 


projective relation aa+B 
ee yr + 8 


between the parameters pw, r of the two forms. 





(a8 — By # 0) 


In particular we have 
CoroLLaRY 1. Any projectivity in a one-dimensional primitive 
form in the plane is given by a relation of the form 
78 = gs a E p) 
yrat 8 


where X is the parameter of the form. 


(ad — By # 0) 





* The determinant iB C a does not vanish because the correspondence between 
Nand pu is (1, 1). 
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Corotuary 2. Tf A,, A, Ay, A, are the parameters of four elements 
Ail, Ag, A, OF o one-dimensional primitive form, the cross ratio 
By (A,A,, A,A,) is given by 


Tx (A A A,A,) = Tk (A,A A3A,) = Sh SS a el 3. 


12) 1 “2? 





A projectivity between two different one-dimensional forms may 
be represented in a particularly simple form by a judicious choice of 
the base elements of the parametric representation. To fix ideas, let 
us take the case of two projective pencils of points. Choose any two 
distinct points A, B of the first pencil to be the base points, and let 
the homologous points of the second pencil be base points of the 
latter. Then to the values X= 0 and A= of the first pencil must 
correspond the values «= 0 and ~ =o respectively of the second. 
In this case the relation of Theorem 6, however, assumes the form 
=kyd. Hence, since the same argument applies to any distinct 
forms, we have 

CoroLLary 3. If two distinct projective one-dimensional primitive 
forms in the plane are represented parametrically so that the base 
elements form two homologous pairs, the projectivity is represented by 
a relation of the form w=knr between the parameters pw, > of the two 
JSorms. 


This relation may be still further simplified. Taking again the case 
discussed above of two projective pencils of points, we have seen that, 
in general, to the point (a,+ 0,, a,+0,, a,+0,), Le. to X=1, corre- 
sponds the point (a/+ kb, af+ kbj, aj + kb}), ie. the point w=h. 
Since the point B! = (b/, b/, b{) is also represented by the set of codrdi- 
nates (kb, kbJ, kbj), it follows that if we choose the latter values for the 
coérdinates of the base point B’, to the value >» = 1 will correspond 
the value 4 = 1, and hence we have always »=X. In other words, 
we have 

Coronary 4. If two distinct one-dimensional forms are projective, 
the base elements may be so chosen that the parameters of any two 
homologous elements are equal. 

Before closing this section it seems desirable to call attention 
explicitly to the forms of the equation of any line of a pencil and of 
the equation of any point of a pencil which is implied by Theorem 5/ 
and Theorem 5 respectively. If we place m = m,x,+ m,x,+ m,«, and 
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N=N,X,+N,X, +7, it follows from the first theorem mentioned 
that the equation of any line of the pencil whose center is the inter- 
section of the lines m = 0, n = 0 is given by an equation of the form 
m+ pn =. Similarly, the equation of any point of the line joining 
A=4,U,+ 4,U,+ 4,U,=0 and B=b,u,+ bu, + b,u,=0 is of the 
form 4 +AB = 0. 

66. The equation of a conic. The results of § 65 lead readily to 
the equation of a conic. By this is meant an equation in point (line) 
coordinates which is satisfied by all the points (lines) of a conic, and 
by no others. To derive this equation, let A, B be two distinct points 
on a conic, and let 

Mm =M,L, + MX, + M,x, = 0, 

(1) N=N,2, + N,2, + 0, = 0, 

P= PX, + Po + PzX, = 0 


be the equations of the tangent at A, the tangent at B, and the line 
AB respectively. The conic is then generated as a point locus by 
two projective pencils of lines at 4 and B, in which m, p at A are 
homologous with p, n at B respectively. This projectivity between 
the pencils 

(2) m + Xp z 0, 

ptyun=0 

is given (Theorem 6, Cor. 3) by a relation 

(3) w=kr 
between the parameters yp, » of the two pencils. To obtain the equa- 
tion which is satisfied by all the points of intersection of pairs of 
homologous lines of these pencils, and by no others, we need simply 
eliminate », % between the last three relations. The result of this 
elimination is 

(4) p—kmn= 0, 
which is the equation required. By multiplying the coordinates of 
one of the lines by a constant we may make k= 1. 

Conversely, it is obvious that the points which satisfy any equation 
of type (4) are the points of intersection of homologous lines in the 
pencils (2), provided that w= kA. If m, n, p are fixed, the condition 
that the conic (4) shall pass through a point (a, @,, @,) is a linear 
equation in %. Hence we have 
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THEOREM 7. Jf m=0, n=0, 
p=0 are the equations of two 
distinct tangents of a conic and 
the line joining their points of con- 
tact respectively, the point equa- 
tion of the conic is of the form 

p> —kmn = 0. 

The coefficient k is determined by 
any third point on the conic. Con- 
versely, the points which satisfy 
an equation of the above form 
constitute a conic of which m = 0 
and n= 0 are tangents at points 
on p= 0. 

CorotuaRy. By properly choos- 
ing the triangle of reference, the 
point equation of any conic may 
be put wn the form 

Le — een, 
where x,= 0, 2,= 0 are two tan- 
gents, and x,=0 is the line join- 
ing their points of contact. 


COORDINATE SYSTEMS 


[Cuapr. VII 


TuErorEM 7.’ Jf A=0, B=0, 
C=0 are the equations of two 
distinct points of a conie and the 
intersection of the tangents at these 
points respectively, the line equa- 
tion of the conic is of the form 

C?—kAB=0. 
The coefficient k is determined by 
any third line of the conic. Con- 
versely, the lines which satisfy an 
equation of the above form consti- 
tute a conte of which A=0 and 
B=0 are points of contact of the 
tangents through C = 0. 

CoroLLary. By properly choos- 
ing the triangle of reference, the 
line equation of any conic may 
be put in the form 

uz — kuu,= 0, 
where u,=0,u,= 0 are two points, 
and u,=0 ts the intersection of 
the tangents at these points. 


It is clear that if we choose the point (1, 1, 1) on the conic, we have 


k=1. Supposing the choice to have been thus made, we inquire 

regarding the condition that a line [w,, w,, u,] be tangent to the conic 
Os — 0,0, == (), 

This condition is equivalent to the condition that the line whose 

equation is 

U,2, + Usk, + U2, = 0 


shall have one and only one point in common with the conic. Elimi- 
nating «, between this equation and that of the conic, the points 
common to the line and the conic are determined by the equation 


wa? 7a 
U, Ly + U,8,L, + U,0y = 0, 
The roots of this equation are equal, if and only if we have 


2 = 
Uy —4 uu, = 0. 
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Since this is the line equation of all tangents to the conic, and since 
it is of the form given in Theorem 7’, Cor., above, we have here a new 
proof of the fact that the tangents to a point conie form a line conic 
(cf. Theorem 11, Chap. V). 

When the linear expressions for m, , p are substituted in the equa- 
tion p*— kmn = 0 of any conic, there results, when multiplied out, a 
homogeneous equation of the second degree in 2,, w,, 2, which may 
be written in the form 


2 2 2 , = 
(1) 1,2 + Agy®y + Ay,% + 2 pV Ly 2 Ay 30 X, 1 2 AygXU, = 0. 


We have seen that the equation of every conic is of this form. We 
have not shown that every equation of this form represents a conic 
(see § 85, Chap. IX). 
EXERCISE 
Show that the conic 
Gy FE + Agate + Aggts + 2 Gy9t,%y + 2 0,52,%, + 2 5,27, = 0 
degenerates into (distinct or coincident) straight lines, if and only if we have 
in Cis Gig 


Ao Gq U3 
%g Ag 33 








Dualize. (A, E, P, H,) 


67. Linear transformations in a plane. We inquire now concern- 
ing the geometric properties of a linear transformation 


PR, = Ay H+ yy + Ay, 

(1) PBy = Uy, + Aggy + AygX ss 

px, = Ag Ly HF AgyLy + Uggs. 
Such a transformation transforms any point (7,, x, 2,) of the plane 
into a unique point («/, xj, z{) of the plane. Reciprocally, to every 
point w’ will correspond a unique point 2, provided the determinant 
of the transformation 


BH, WM. UN, 
A= Ao, bog Gos 
As, As. Ase 








is not 0. For we may then solve equations (1) for the ratios x: 7,: 2, 
in terms of «: 7: J as follows: 
[BA >, = al ! I 
ip ae A,,#; cs A,,@, a A,, 23, 
! ! aul ! 
(2) pi = A, ta A, Xo t A, X5, 
t a call ! thes 
P vs ae A, a3 A,X, a A,X, ? 
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here the coefficients 4,, are the cofactors of the elements a,; respec- 
tively in the determinant A. 

Further, equations (1) transform every line in the plane into a 
unique line. In fact, the points # satisfying the equation 

U,#, + U2, + U2, = 0 
are, by reference to equations (2), transformed into points 2’ satisfy- 
ing the equation 
(4,,u, a Ait, AF A, sls) xy a (A,u, mE A, yl, 2 Asus) Xa 
+ (Ag, + Agel, + Ass) a= 0, 

which is the equation of a line. If the codrdinates of this new line be 
denoted by [w/, uj, ws], we clearly have the following relations between 
the codrdinates [w,, v,, u,] of any line and the coordinates [w,, uJ, wz] 
of the line into which it is transformed by (1): 


! 
ou, = A,,U, + A,,U, + A;gUs, 
! 
(3) TU, = A,,U, + A,,U, + Apes 
= 4 
ou, = A,,U, + A,,U, + Agee. 


We have seen thus far that (1) represents a collineation in the plane 
in point coordinates. The equations (3) represent the same collineation 
in line coordinates. 

It is readily seen, finally, that this collineation is projective. For 
this purpose it is only necessary to show that it transforms any 
pencil of lines into a projective pencil of lines. But it is clear that if 
m= 0 and n = 0 are the equations of any two lines, and if (1) trans- 
forms them respectively into the lines whose equations are m'= 0 
and n’=0, any line m+An=0 is transformed into m’+ rn’ = 0, 
and the correspondence thus established between the lines of the 
pencils has been shown to be projective (Theorem 6). 

Having shown that every transformation (1) represents a projective 
collineation, we will now show conversely that every projective 
collineation in a plane may be represented by equations of the form 
(1). To this end we recall that every such collineation is completely 
determined as soon as the homologous elements of any complete 
quadrangle are assigned (Theorem 18, Chap. IV). If we can show 
that likewise there is one and only one transformation of the form 
(1) changing a given quadrangle into a given quadrangle, it will 
follow that, since the linear transformation is a projective collineation, 
it is the given projective collineation, 
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Given any projective collineation in a plane, let the fundamental 
points (0, 0, 1), (0, 1, 0), (1, 0, 0), and (1, 1, 1) of the plane (which 
form a quadrangle) be transformed respectively into the points 
A =(4a,, 4,,4,), B=(b,, b,, b,), C= (¢,, ¢,, €,), and D = (d,, d,, d,), form- 
ing a quadrangle. Suppose, now, we seek to determine the coefficients 
of a transformation (1) so as to effect the correspondences just indi- 
cated. Clearly, if (0, 0, 1) is to be transformed into (a,, a,, a;), we 
eye yg = AA, Ayg= AA,, Azz = AAs, 

» being an arbitrary factor of proportionality, the value (+ 0) of which 
we may choose at pleasure. Similarly, we obtain 


Oy = MD, Aye = Md, My. = 1d,, 
pe KU 
Since, by hypothesis, the three points A, B, C are not collinear, it 
follows from these equations and the condition of Theorem 4, Cor. 2, 
that the determinant A of a transformation determined in this way 
is not 0. Substituting the values thus obtained in (1), it is seen that 
if the point (1, 1, 1) is to be transformed into (d,, d,, d,), the following 
relations must hold: 
pd, =cv+by+a,r, 
pd,=cv+ b+ ar, 
pd, = cv + bw + ar. 
Placing p= 1 and solving this system of equations for v, u, A, we 
obtain the coefficients a, of the transformation. This solution is 
unique, since the determinant of the system is not zero. Moreover, 
none of the values X, pw, v will be 0; for the supposition that v= 0, 
for example, would imply the vanishing of the determinant 
d, b, a, 
d, 0, G, 


2 2 


G00, .G, 


8 3 


d 








which in turn would imply that the three points D, B, A are collinear, 
contrary to the hypothesis that the four points 4, B, C, D form a 
complete quadrangle. 

Collecting the results of this section, we have 

THEOREM 8. Any projective collineation in the plane may be repre- 
sented in point coérdinates by equations of form (1) or in line coordi- 
nates by equations of form (3), and in each case the determinant of 
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the transformation is different from 0; conversely, any transforma- 
tion of one of these forms in which the determinant ts different from 0 
represents a projective collineation in the plane. 
CoroLLARY 1. In nonhomogeneous point cobrdinates the equations of 
a projective collineation are 
a Out + yy + Oy 








hg, + Bao + les 5 ea Heh £ 
Gey Goo Gos 5 ie 0 
4,0 + A,.Y¥ + a, 
‘= = 2b, As, Vso 33 
A, + A,,4 + Bg 


Corouuary 2. If the singular line of the system of nonhomogeneous 
point coordinates is transformed into itself, these equations can be 
eee daartdyte, a, dls 

y' = an + by + ¢,, 2 “2 








68. Collineations between two different planes. The analytic form 
of a collineation between two different planes is now readily derived. 
Let the two planes be @ and 8, and let a system of codrdinates be 
established in each, the point codrdinates in @ being (2,, x, 2,) and 
the point codrdinates in 8 being (y,, ¥,, y;). Further, let the isomor- 
phism between the number systems in the two planes be established 
in such a way that the correspondence established by the equations 

ya ds ee 
is projective. It then follows, by an argument (cf. § 59, p. 166), 
which need not be repeated here, that any collineation between the 
two planes may be obtained as the resultant of a projectivity in the 
plane a, which transforms a point_X, say, into a point X’, and the pro- 
jectivity Y= X"' between the two planes. The analytic form of any 
projective collineation between the two planes is therefore : 
Ui i 5,0, + MU yoXq + QgX 3? 
42 oe eee 
¥Y; = Ms) wy MyoVq ne Us gt 8? 
with the determinant A of the coefficients different from 0. And, con- 
versely, every such transformation in which A# 0 represents a projec- 
tive collineation between the two planes. 

69. Nonhomogeneous codrdinates in space. Point codrdinates in 
space are introduced in a way entirely analogous to that used for the 
introduction of point codrdinates in the plane. Choose a tetrahedron 
of reference OUVW and label the vertices O= 0, = 0,=0,, V=0 
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V=0,, W=o, (fig. 84); and on the lines 0,00,, 0,00,, 0,00,, called 
respectively the z-axis, the y-axis, the z-axis, establish three scales by 
choosing the points 1,,1,,1,. The planes Qc,co,, Oco,co,, Ovo,c0, are 
called the xy-plane, xz-plane, yz-plane respectively. The point O is 
called the origin. If P is any point not on the plane 0,00,00,, which 
is called the singular plane of the codrdinate system, the plane 
P «,«, meets the #-axis in a point whose nonhomogeneous codérdinate 
in the scale (0,, 1,, 0,) we call a. Similarly, let the plane Po,0, 
meet the y-axis in a point 
whose nonhomogeneous 
coordinate in the scale 
(0,, 1,, ,) 18 6; and let 
the plane Po,co, meet the 
z-axis In a point whose 
nonhomogeneous codrdi- 
nate in the scale (0,, 1,, 00,) 
is c. The numbers a, b,c 
are then the nonhomo- 
geneous @-, y-, and 2-coor- 
dinates of the point P. 
Conversely, any three 
numbers a, d, c determine 
three points A, B, C on 

the z-, y-, and z-axes respectively, and the three planes 4,<0,, Boo,co,, 
Co,0, meet in a point P whose coordinates are a, b,c. Thus every 
point not on the singular plane of the coordinate system determines 
and is determined by three coordinates. The point P is then repre- 
sented by the symbol (a, 8, c). 

The dual process gives rise to the coordinates of a plane. Point 
and plane codrdinates may then be put into a convenient relation, as 
was done in the case of point and line codrdinates in the plane, thus 
giving rise to a system of simultaneous point and plane coordinates 
in space. We will describe the system of plane codrdinates with 
reference to this relation. Given the system of nonhomogeneous point 
coordinates described above, establish in each of the pencils of planes 
on the lines VW, UW, UV a scale by choosing the plane UV W as 
the zero plane 0,= 0, = 0,, in each of the scales, and letting the planes 
OVW, OUW, OUV be the planes ,,00,,00,, respectively. In the w-scale 





Fie, 84 
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let that plane through VW be the plane 1,, which meets the a-axis 
in the point —1,. Similarly, let the plane 1, meet the y-axis in the 
point —1,; and let the plane 1, meet the zaxis in the point —1.. 
The u-scale, v-scale, and w-scale being now completely determined, 
any plane w not on the point O (which is called the singular point 
of this system of plane codrdinates) meets the «-, y-, and zaxes in 
three points Z, M, N which determine in the w-, v-, and w-scales planes 
whose coordinates, let us say, are /, m, 7. These three numbers are 
called the nonhomogeneous plane coérdinates of 7. They completely 
determine and are completely determined by the plane 7. The plane 
a is then denoted by the symbol [/, m, n]. 

In this system of codrdinates it is now readily seen that the con- 
dition that the point (a,b,c) be on the plane [l,m, n] is that the relation 
la+mb+ne+1=0 be satisfied. It follows readily, as in the planar 
case, that the plane [/, m,n] meets the z-, y-, and zaxes in points 
whose coérdinates on these axes are —1//, —1/m, and —1/n respec- 
tively.* In deriving the above condition we will suppose that the 
plane 7 =[J, m,n] does not contain two of the points U, V, W, leay- 
ing the other case as an exercise for the reader. Suppose, then, that 
U=o, and V=a, are not on 7. By projecting the yz-plane with 
U as center upon the plane 7, and then projecting 7 with V as center 
on the xz-plane, we obtain the following perspectivities : 


U p 
[Oy I= le % 2] = Ll O, 2)], 


where (2, y, 2) represents any point on 7. The product of these two 
perspectivities is a projectivity between the yz-plane and the zz-plane, 
by which the singular line of the former is transformed into the sin- 
gular line of the latter. Denoting the z-codrdinate of points in the 
yz-plane by 2’, this projectivity is represented (according to Theorem 
8, Cor. 2, and § 68) by relations of the form 

(1) Y=a,r+bz+,, 


a! = 2 
~ we 


We proceed to determine the coefficients a,, ,, ¢, The point of 
intersection of m with the y-axis is (0, —1/m, 0), and is clearly 


* This statement remains valid even if one or two of the numbers J, m, n are 
zero (they cannot all be zero unless the plane in question is the singular plane 
which we exclude from consideration), provided the negative reciprocal of 0 be 
denoted by the symbol o, 
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transformed by the projectivity in question into the point (0, 0, 0) 
Hence (1) gives 1 


6. = —_ — 
m 


1 


The point of intersection of 7 with the z-axis is, if #0, (0, 0, —1/n) 
and is transformed into itself. Hence (1) gives 


es 
nm 
n 
or 6=— a 
If n = 0, we have at once b, = 0. 


Finally, the point of intersection of 7 with the z-axis is (— 1/1, 0, 0), 
and the transform of the point (0, 0,0). Hence we have 


Crea! 
4——=0 

near 
or a= : 

an cee 
U n 1 
Hence (1) becomes Varin ap ai 
m 


a relation which must be satisfied by the coordinates (x, y, z) of any 
point on 7. This relation is equivalent to 
le+my+nze+1=0. 

Hence (a, b,c) is on [l, m, n], if 

(2) la+mb+ne+1=0. 
Conversely, if (2) is satisfied by a point (a, 6, c), the point (0, b,c) =P 
is transformed by the projectivity above into (a, 0,c)=@, and hence 
the lines PU and QV which meet in (a, b,c) meet on 7. 

DEFINITION. An equation which DEFINITION. Anequation which 
is satisfied by all the points (x,y,z) is satisfied by all the planes [w,v, w] 
of a plane and by no other points on a point and by no other planes 
is called the point equation of the is called the plane equation of the 
plane. point. 

The result of the preceding discussion may then be stated as follows: 

THEOREM 9. Zhe point equation THEOREM 9. The plane equation 
of the plane [l, m,n] ts of the point (a, b, c) is 

la + my +nz+1= 0, au+bv+ew+1=0, 
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70. Homogeneous coérdinates in space. Assign to the vertices 0, U, 
V, W of any tetrahedron of reference the symbols (0,0, 0, 1), (1, 0,0, 9), 
(0, 1, 0, 0), (0, 0, 1, 0) respectively, and assign to any fifth point 7 
not on a face of this tetrahedron the symbol (1, 1, 1, 1). The five 
points O, U, V, W, 7 are called the frame of reference of the system 
of homogeneous codrdinates now to be described. The four lines join- 
ing 7 to the points O, U, V, W meet the opposite faces in four points, 
which we denote respectively by (1, 1, 1, 0), (0, 1, 1, 1), (1, 0, 1, 1), 
(1,1, 0,1). The planar four-point (0, 0, 0, 1), (0, 0, 1, 0), (0, 1, 0, 0), 
(0, 1, 1, 1) we regard as the frame of reference (0, 0, 1), (0, 1, 0), 
(1, 0, 0), (1,1, 1) of a system of homogeneous codrdinates in the plane. 
To any point in this plane we assign the coordinates (0, z,, 7, a,), if 
its codrdinates in the planar system just indicated are (z,, x,,z,). In 
like manner, to the points of the other three faces of the tetrahedron of 
reference we assign coordinates of the forms (z,, 0, 75, 2,), (1, %,, 0, 2,), 
and (2,, %,, £,, 0). The codrdinates of the points in the faces opposite 
the vertices (1,0, 0,0), (0,1, 0,0), (0,0, 1, 0), (0, 0, 0, 1) satisfy respec- 
tively the equations z,= 0, z= 0, z,= 0, #,= 0. 

To the points of each edge of the tetrahedron of reference a notation 
has been assigned corresponding to each of the two faces which meet 
in the edge. Consider, for example, the line of intersection of the 
planes z,=0 and w,=0. Regarding this edge as a line of 2, = 0, the 
coordinate system on the edge has as its fundamental points (0,0,1,0), 
(0, 0,0, 1), (0,0, 1,1). The first two of these are vertices of the tetra- 
hedron of reference, and the third is the trace of the line joining 
(0, 1, 0, 0) to (0, 1,1, 1). On the other hand, regarding this edge as a 
line of x, =0, the coordinate system has the vertices (0,0, 1,0) and 
(0, 0, 0, 1) as two fundamental points, and has as (0, 0, 1, 1) the trace 
of the line joining (1, 0, 0,0) to (1, 0,1, 1). But by construction the 
plane (0, 1, 0, 0) (1, 0, 0, 0)(1, 1, 1, 1) contains both (0,1, 1,1) and 
(1, 0, 1,1), so that the two determinations of (0, 0, 1, 1) are identical. 
Hence the symbols denoting points in the two planes 2,=0 and 
x, = 0 are identical along their line of intersection. A similar result 
holds for the other edges of the tetrahedron of reference. 


THEOREM 10. Derrnition. If P is any point not on a face of the 
tetrahedron of reference, there exist four numbers x,, es ee 
different from zero, such that the projections of P from the four vertices 


(1, 0, 0,0), (0,1, 0, 0), (0,0, 1, 0), (0,0, 0,1) respectively upon their 
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opposite faces are (0, %,, X,,%,), (2,0, 2, %,), (2, #,,0, @,), (a4, Lq, 5, 0). 
These four numbers are called the homogeneous coordinates of P and 
P is denoted by (x,, £, Ls, %,). Any ordered set of four numbers, not 


all zero, determine uniquely a point in space whose coordinates they are. 


Proof. The line joining P to (1, 0, 0,0) meets the opposite face in 
a point (0, #,, #,,,), Which is not an edge of the tetrahedron of refer- 
ence, and such therefore that none of the numbers 2,, ,, x, is zero. 
Likewise the line joining P to (0,1, 0,9) meets the opposite face in 
a point (x, 0, #J, #}), such that none of the numbers z{, x, x/ is zero. 
But the plane P(1, 0, 0, 0) (0, 1, 0, 0) meets x, = 0 in the line joining 
(0, 1, 0, 0) to (0, x, x, x,), and meets w,=0 in the line joining 
(1, 0, 0, 0) to (a/, 0, x, x/). By the analytic methods already devel- 
oped for the plane, the first of these lines meets the edge common 
to x,=0 and x, =0 in the point (0, 0, z,, z,), and the second meets 
it in the point (0, 0,2, #/). But the points (0, 0, a, 2,) and 
(0, 0, x{, x/) are identical, and hence, by the preceding paragraph, we 
have #,/2,= 2xj{/a,. Hence, if we place 2,=x/z,/a{, the point 
(x1, 0, x{,@,) is identical with (x,,0,,,%,). The line joining P to 
(0,0, 1,0) meets the face x,=0 in a point (2,’, a1’, 0, x"). By the 
same reasoning as that above it follows that we have a'/a,'= w,/a, 
and x,'/x|'= x,/«,, so that the point (a,’, x{', 0, xj') is identical with 
(x,, ,,0,z,). Finally, the line joining P to (0, 0, 0, 1) meets the face 
x,= 0 in a point which a like argument shows to be (@,, 2, z,, 0). 

Conversely, if the codrdinates (x,, v,, X,,#,) are given, and one of 
them is zero, they determine a point on a face of the tetrahedron 
of reference. If none of them is zero, the lines joining (1, 0, 0, 0) 
TOM U,@.,1c,0,yennd: (0, 1,.0,.0) to. (a,.0, 2, #,) are in, the plane 
(1, 0,0, 0) (0, 1, 0, 0) (0, 0, x,, z,), and hence meet in a point which, 
by the reasoning above, has the codrdinates (,, v,, 25, %,). 


CoroLtaRy. The notations (x,,x,,%,,%,) and (kx,, kx,, kx,, kx,) 
denote the same point for any value of k not equal to zero. 


Homogeneous plane codrdinates in space arise by the dual of the 
above process. The four faces of a tetrahedron of reference are denoted 
respectively by [1, 0, 0, 0], [0, 1, 0, 0], [0, 9, 1, 0) Fand.[0,.0, 0, 1). 
These, together with any plane [1,1,1,1] not on a vertex of the 
tetrahedron, form the frame of reference. The four lines of inter- 
section of the plane [1, 1, 1, 1] with the other four planes in the order 
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above are projected from the opposite vertices by planes which are 
denoted by [0,1,1,1], [1,014,424], [L101 (Gin 0] respectively. 
The four planes [0, 1, 0,0], [0, 0, 1, 0], [0, 0, 0, 1], and (0, 1, 1, 1] form, 
if the first 0 in each of these symbols is suppressed, the frame of 
reference of a system of homogeneous codrdinates in a bundle (the 
space dual of such a system in a plane). The center of this bundle 
is the vertex of the tetrahedron of reference opposite to [1, 0, 0, 0]. 
To any plane on this point is assigned the notation [0, w,, u,, u,], if 
its codrdinates in the bundle are [w,, u,, v,]. In like manner, to the 
planes on the other vertices are assigned coordinates of the forms 
[21,, 0, Ws, 4], [Uys Ua, 0, 4], [Uy Wy, %,, 0]. The space dual of the last 
theorem then gives : 

THEOREM 10’. DEFINITION. Jf 7 is any plane not on a vertex of the 
tetrahedron of reference, there exist four numbers U,,U,, Ug, U4, all differ- 
ent from zero, such that the traces of 7 on the four faces [1, 0, 0, 0], 
[0, 1, 0, 0], [0, 0, 1, 0], [0, 0, 0, 1] respectively are projected from the 
opposite vertices by the planes [0, W,, Uy, U4], [%, 9, Ug, M4], [24 Uy, 0, U4], 
[204,U%y,U,,0]. These four numbers are called the homogeneous coordinates 
of 7, and m is denoted by [u,, U,, Uz, U,]. Any ordered set of four num- 
bers, not all zero, determine uniquely a plane whose coordinates they are. 


By placing these systems of point and plane codrdinates in a proper 
relation we may now readily derive the necessary and sufficient con- 
dition that a point (#,, 2, ,, %,) be on a plane [w,, u,, Us, u,]. This 
condition will turn out to be 

U,X, + Ugh, + U,v, + U,0,= 0. 
We note first that in a system of point codrdinates as described above 
the six points (—1,1, 0,0), (—1, 0,1, 0), (—1, 0, 0, 1), (0, —1, 1, 0), 
(0,0, —1, 1), (0, —1, 0, 1) are coplanar, each being the harmonic con- 
jugate, with respect to two vertices of the tetrahedron of reference, of 
the point into which (1,1, 1,1) is projected by the line joining the 
other two vertices. The plane containing these is, in fact, the polar 


of (1,1, 1,1) with respect to the tetrahedron of reference (cf. Ex. 3, 
p. 47). Now choose 


as the plane [1, 0, 0,0] the plane a, = 0, 
as the plane [0, 1, 0, 0] the plane 2, = 0, 
as the plane [0, 0, 1, 0] the plane z,=0, 
as the plane [0, 0, 0, 1] the plane x,= 0, 
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as the plane [1, 1, 1, 1] the plane containing the points (— 1, 1, 0, 0), 
ale O el 0) G1 s.0405.1). 

With this choice of codrdinates the planes OOO) Orb 0 s.01, 
[0, 0, 1,0], and [1,1,1, 0] through the vertex V,, say, whose point 
coordinates are (0, 0, 0, 1), meet the opposite face z,=0 in lines 
whose equations in that plane are 


“=0, 7,=0, 7,=0, 2,+4,+2,=0. 


Hence the first three codrdinates of any plane [w,, u,,w,,0] on V, 
are the line codrdinates of its trace on z,= 0, in a system so chosen 
that the point (%,, 2, %,) is on the line [w,, w,,u,] if and only if the 
relation w,7,+ w,7, + U,%, = 0 is satisfied. Hence a point (,, 7, 25, 0) 
lies on a plane [w,, u,, w,, 0] if and only if we have w,a,+u,x”,+ 
u,%,=0. But any point («,, x, x,,#,) on the plane [w,, u,, u,, 0] has, 
by definition, its first three coordinates identical with the first three 
codrdinates of some point on the trace of this plane with the plane 
x,=0. Hence any point (z,, x,, 2,, 2,) on [2,, U,, Us, 0] satisfies the 
condition u,v,+ u,v7,+ u,v7,+ u,v,=0. Applying this reasoning to 
each of the four vertices of the tetrahedron of reference and dualizing, 
we find that 2f one coordinate of [u,, u,, Uz, U4] Ws zero, the necessary 
and sufficient condition that this plane contain a point (&,, ©, Lg, £4) 
is that the relation 

UL, + Ugh, + U,t, + UL, = 0 
be satisfied ; and tf one coordinate of (x,, ©, 3, @,) 1s zero, the neces- 
sary and sufficient condition that this point be on the plane [u,,U,, Ug, %,] 
is likewise that the relation just given be satisfied. 

Confining our attention now to points and planes no codrdinate of 
which. is zero, let z,/1,= 24, v,/a,=y, «,/%,=2, and let u,/u,=u, 
Up/U,=, U,/u,=w. Since a, y, z are the ratios of homogeneous 
coordinates on the lines v, = 7, = 0, 7, = 7, = 0, and 2, =, = 0 respec- 
tively, they satisfy the definition of nonhomogeneous coordinates 
given in § 69. And since the homogeneous codrdinates have been 
so chosen that the plane (w,, w,, U,,¥,) meets the line 7,=a,=0 in 
the point (— u,, 0, 0, w,) =(— 1/u, 0, 0, 1), it follows that w, v, w are 
nonhomogeneous plane codrdinates so chosen that a point (2, y, 2), 
none of whose coordinates is zero, is on a plane [w,v,w] none of 
whose codrdinates is zero, if and only if we have (Theorem 9) 


ux + vy+wet+1=0; 
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that is, if and only if we have 
WL + UgHy + Ul, + UL, = 0. 
This completes for all cases the proof of 
THEOREM 11. The necessary and sufficient condition that a point 
(ay, L,, 25, @,) be on a plane [u,, U,, Us, U4] ts that the relation 
UL, + Uy, + U,L, + U2, = 0 
be satisfied. ent es ee 
By methods analogous to those employed in §§ 64 and 65 we may 
now derive the results of Exs. 1-8 below. 


EXERCISES 


1. The equation of the plane through the three points A = (a,, ay, a3, a), 
B= (b,, b,5,by, 0), C= (Cys Cas CgyCg) 18 


Dualize. 
2. The necessary and sufficient condition that four points A, B, C, D be 
coplanar is the vanishing of the determinant 


3. The necessary and sufficient condition that three points A, B, C be 
collinear is the vanishing of the three-rowed determinants of the matrix 


@, dy Goa, 
by b, b, by 5 
Cy Cg Cg Cy 


4. Any point of a pencil of points containing 4 and B may be represented by 
P= (Agdy + Aydy, Agdy + AyPg, Ayds + Ays, Agay + AYD,)- 
5. Any plane of a pencil of planes containing m =[m,, m,, mg, m,] and 
n =[M,, Ng, Ny, Ny] may be represented by 
mw = [Agm, + Ayn, Agmy + AyNg, Ayms + Ang, Aym, + Atal: 
6. Any projectivity between two one-dimensional primitive forms (of points 


or planes) in space is expressed by a relation between their parameters A, p 
of the form 


If the base elements of the pencil are homologous, this relation reduces to 
b= pa. 
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7. Tf A,, Ay, As, Ay are the parameters of four points or planes of a pencil, 
their cross ratio is Eee 


A — Ay Na Ay 
8. Any point (plane) of a plane of points (bundle of planes) containing 
the noncollinear points 4, B, C (planes a, 8B, y) may be represented by 
P = (Ayay + AQDy + Agey, Ayy + Aghe + AsCg, AyAs + Aghs + Agegs AyAy + Agdy + Agcy): 
9. Derive the equation of the polar plane of any point with regard to the 
tetrahedron of reference. 
10. Derive the equation of a cone. 
*11. Derive nonhomogeneous and homogeneous systems of coérdinates in 
a space of four dimensions. 





B (A, AQ, AgAy) = 


71. Linear transformations in space. The properties of a linear 
transformation in space 
pry = 4,2, + Ay ®t Ay,%, + M447, 
pry F Ag Ey Wyn Ly H Aggls + My, , 
Ply = Agi Ly + Mga, + Msgs + Ug4X,, 
pr, FS Oy LH Uggla + MygL, 1 My, 


(1) 


are similar to those found in § 68 for the linear transformations in a 
plane. If the determinant of the transformation 
a a a 


HGR Sem. TS ay 
A= Woy Uso Bog Ag 
Us, Asn Ugg U4 
Bay Un Uyg Vy 


is different from zero, the transformation (1) will have a unique in- 


verse, VizZ.: - ; j ' ' 
pe, = A,,2, + A,,t, + Ay, %, + Ay %,, 


Se ! ! ! ! 
P'@_ = Ay, + Agsty + AgyXs + Aya, , 
UG AY sl ! I 
[Pes = Ay. aa A, ay A,X, ax A,,%,, 


hae / ) ! ' 
p'@, = At + A,,0, + As,%, + A,,%,, 


(2) 


where the coefficients 4,, are the cofactors of the elements a,, respec- 
tively in the determinant A. 
The transformation is evidently a collineation, as it transforms the 
plane U,X, + Ugh, + UzL, + UL, = 0 
into the plane 
(A,.% oa Ajotly a A, sul, a A, U,) a 
a (Ay, ts AU, to Aggil, oF A, ,U,) co 
+ (Agytty + Aggtl, + Aggie + Ast.) Xs 
H+ (Agi + Aggthe + Ages + Ayst,) Ue = 0. 
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Hence the collineation (1) produces on the planes of space the trans- 


formation 
f= 
ou = Ay, + Ayu, + Aygs + A, Uy, 


jee 
ou, = A,,U, + Aj, + Ags, + Aggy, 


ous = Ast, + Agytl, + Ags, + Agyys 
TU = A,U, + Ayu, + A,stg + Ayu, 


To show that the transformation (1) is projective consider any 
pencil of planes 


(4,2, + 4,2, + @,%, + @,%,) + (6,2, + 0,4, + b,0,+ b,x,) = 0. 


In accordance with (2) this pencil is transformed into a pencil of the 
form 
(ax, + ax, + afxv,+ a/x,) + r(blx, + bfx, + bfa,+ bx, = 0, 


and these two pencils of planes are projective (Ex. 6, p. 198). 

Finally, as in § 67, we see that there is one and only one trans- 
formation (1) changing the points (0, 0, 0,1), (0, 0,1, 0), (0, 1, 0, 0), 
(1, 0, 0, 0), and (1, 1,1, 1) into the vertices of an arbitrary complete 
five-point in space. Since this transformation is a projective collinea- 
tion, and since there is only one projective collineation transforming 
one five-point into another (Theorem 19, Chap. IV), it follows that 
every projective collineation in space may be represented by a linear 
transformation of the form (1). This gives 


THEOREM 12. Any projective collineation of space may be repre- 
sented in point coordinates by equations of the form (1), or in plane 
coordinates by equations of the form (3). In each case the determinant 
of the transformation is different from zero. Conversely, any trans- 
JSormation of this form in which the determinant is different from zero 
represents a projective collineation of space. 

CoroLLaRy 1. Jn nonhomogeneous point codrdinates a projective 
collineation is represented by the linear fractional equations 


Be lpetesihes H yo + 52 + Oy, , 
Uy BseY TH Uy? + Oy, 
bay Oa FH yo HF U3? + Uy 

UP + a + Ug? + yy 

Pp H Mga F Aya? + Uy ; 
Ug @ A Ugo + A yg2 + Oy 











in which the determinant A is different from zero. 
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Coroiary 2. If the singular plane of the nonhomogeneous system 

is transformed into itself, these equations reduce to 
a’ = a,a+ a,y+ azt a,, 
y= b,x + by + bz + b,, 
Zé=¢n2+ceyt+oz+¢,, 








72. Finite spaces. It will be of interest at this point to emphasize 
again the generality of the theory which we are developing. Since 
all the developments of this chapter are on the basis of Assumptions 
A, E, and P only, and since these assumptions imply nothing regard- 
ing the number system of points on a line, except that it be commu- 
tative, it follows that we may assume the points of a line, or, indeed, 
the elements of any one-dimensional form, to be in one-to-one recip- 
rocal correspondence with the elements of any commutative number 
system. We may, moreover, study our geometry entirely by analytic 
methods. From this point of view, any point in a plane is simply a 
set of three numbers (z,, ,, #,), it being understood that the sets 
(&,, £,, %,) and (kx,, kx,, kx,) are equivalent for all values of & in the 
number system, provided £ is different from 0. Any line in the plane 
is the set of all these points which satisfy any equation of the form 
U,L, + UL, + U,L, = 0, the set of all lines being obtained by giving 
the coefficients (codrdinates) [w,, u,, u,| all possible values in the 
number system (except [0, 0, 0]), with the obvious agreement that 
[u,, Uz, Us] and [ku,, ku,, kus] represent the same line (k#0). By 
letting the number system consist of all ordinary rational numbers, 
or all ordinary real numbers, or all ordinary complex numbers, we 
obtain respectively the analytic form of ordinary rational, or real, or 
complex projective geometry in the plane. All of our theory thus 
far applies equally to each of these geometries as well as to the 
geometry obtained by choosing as our number system any field 
whatever (any ordinary algebraic field, for example). 

In particular, we may also choose a finite field, ie. one which con- 
tains only a finite number of elements. The simplest of these are 
the modular fields, the modulus being any prime number p.* If we 


* A modular field with modulus p is obtained as follows: Two integers n, n’ 
(positive, negative, or zero) are said to be congruent modulo p, written n=’, mod. p, 
if the difference n — n’ is divisible by p. Every integer is then congruent to one 
and only one of the numbers 0, 1, 2,---, p—1. These numbers are taken as the 
elements of our field, and any number obtained from these by addition, subtraction, 
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consider, for example, the case p = 2, our number system contains 
only the elements 0 and 1. There are then seven points, which we 
will label A, B, C, D, E, F, G, as follows: A =(0, 0,1), B=(0, 1, 0), 
C=(1, 0, 0), D=(0,1, 1), H=(1, 1, 0), F=(1, 1,1), =, 9, 1). 
The reader will readily verify that these seven points are arranged 
in lines according to the table 


MP Cet er eG 
Bo Ue oh oA 
'D thar Ge A BO 


each column constituting a line. For example, the line z,= 0 clearly 
consists of the points (0,0, 1)= A, (0, 1,0) = B, and (0, 1, 1) = D, these 
being the only points whose first codrdinate is 0. We have labeled 
the points of this finite plane in such a way as to exhibit clearly its 
abstract identity with the system of triples used for illustrative pur- 
poses in the Introduction, § 2.* 


EXERCISES 


1. Verify analytically that two sides of a complete quadrangle containing a 
diagonal point are harmonic with the other two diagonal points. 

2. Show analytically that if two projective pencils of lines in a plane have 
a self-corresponding line, they are perspective. (This is equivalent to Assump- 
tion P.) 

3. Show that the lines whose equations are xz, + Ax, = 0, x, + pr, = 0, and 
r,+vx,=0 are concurrent if Au» =—1; and that they meet the opposite 
sides of the triangle of reference respectively in collinear points, if Auwy = 1. 

4. Find the equations of the lines joining (c,, c,, c;) to the four points 
(1,4 1,+4 1), and determine the cross ratios of the pencil. 


and multiplication, if not equal to one of these elements, is replaced by the element 
to which it is congruent. The modular field with modulus 5, for example, consists of 
the elements 0, 1, 2, 38, 4, and we have as examples of addition, subtraction, and 
multiplication 1+ 3= 4, 2+38=0 (since 5=0, mod. 5), 1—4=2, 2.8 =1, ete. 
Furthermore, if a, b are any two elements of this field (a#0), there is a unique 
element x determined by the congruence at=b, mod. p; this element is defined 
as the quotient b/a. (For the proof of this proposition the reader may refer to any 
standard text on the theory of numbers.) In the example discussed we have, for 
example, 4/3 =3. 

* For references and a further discussion of finite projective geometries see a 
paper by O. Veblen and W. H. Bussey, Finite Projective Geometries, Transactions 
of the American Mathematical Society, Vol. VII (1906), pp. 241-259, Also a sub- 
sequent paper by O. Veblen, Collineations in a Finite Projective Geometry, Trans- 
actions of the American Mathematical Society, Vol. VIII (1907), pp. 266-268, 
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5. Show that the throw of lines determined on (c,, cy, ¢,) by the four 
points (1, + 1, + 1) is projective with (equal to) the throw of lines determined 
on (b,, b,, 63) by the points (a,, ta,, +a,), if the following relations hold: 

a, + a, + a,= 0, 
a,c? + a,c? + asc? = 0, 
a,a,b; + a,a,b; + a,a,b3 = 0, 
and that the six cross ratios are — a,/a;, — a,/a,, — a,/a,, — 3/d,, — 4,/43, 
—a,/a, (C. A. Scott, Mod. Anal. Geom., p. 50). 

6. Write the equations of transformation for the five types of planar col- 
lineations described in § 40, Chap. IV, choosing points of the triangle of 
reference as fixed points. 

7. Generalize Ex. 6 to space. 

8. Show that the set of values of the parameter 2 of the pencil of lines 
m + An = 0 is isomorphic with the scale determined in this pencil by the lines 
for which the fundamental lines are respectively the lines A = 0, 1, 

9. Show directly from the discussion of § 61 that the points whose non- 
homogeneous codrdinates x, y satisfy the equation y = z are on the line joining 
the origin to the point (1, 1). 

10. There is then established on this line a scale whose fundamental points 
are respectively the origin, the point (1, 1), and the point in which the line meets 
the line /.,. The lines joining any point P in the plane to the points o,, «, 
meet the line y = x in two points whose codrdinates in the scale just determined 
are the nonhomogeneous codrdinates of P, so that any point in the plane 
(not onl.) is represented by a pair of points on the line y = 2. Hence, show 
that in general the points (#, y) of any line in the plane determine on the 
line y= 2 a projectivity with a double point on /, ; and hence that the equa- 
tion of any such line is of the form y = az + b. What lines are exceptions to 
this proposition ? 

11. Discuss the modular plane geometry in which the modulus is p= 3; 
and by properly labeling the points show that it is abstractly identical with 
the system of quadruples exhibited as System (2) on p. 6. 

12. Show in general that the modular projective plane with modulus p 
contains p? + p + 1 points and the same number of lines; and that there are 
p +1 points (lines) on every line (point). 

13. The diagonal points of a complete quadrangle in a modular plane pro- 
jective geometry are collinear if and only if p = 2. 

14. Show that the points and lines of a modular plane all belong to the 
same net of rationality. Such a plane is then properly projective without the 
use of Assumption P. 

15. Show how to construct a modular three-space. If the modulus is 2, 
show that its points may be labeled 0, 1,..., 14 in such a way that the 
planes are the sets of seven obtained by cyclic permutation from the set 
O14.64012 18 Ge. 125712 18 14, etc.), and that the lines are ob- 
tained from the lines 0 1 4, 0 2 8, 0 5 10 by cyclic permutations. (For a 
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study of this space, see G. M. Conwell, Annals of Mathematics, Vol. 11 
(1910), p. 60.) 

16. Show that the ten diagonal points of a complete five-point in space 
(0, 0, 0, 1), (0, 0, 1, 0), (0, 1, 0, 0), (1, 0, 0, 0), (1, 1,1, 1) are given by the 
remaining sets of codrdinates in which occur only the digits 0 and 1. 

17. Show that the ten diagonal points in Ex. 16 determine in all 45 planes, 
of which each of a set of 25 contains four diagonal points, while each of the 
remaining 20 contains only three diagonal points. Through any diagonal 
point pass 16 of these planes. The diagonal lines, i.e. lines joining two 
diagonal points, are of two kinds: through each of the diagonal lines of the 
first kind pass five diagonal planes ; through each line of the second kind pass 
four diagonal planes. 

18. Show how the results of Ex. 17 are modified in a modular space with 
modulus 2; with modulus 3. Show that in the modular space with modulus 
5 the results of Ex. 17 hold without modification. 

*19. Derive homogeneous and nonhomogeneous codrdinate systems for 
a space of n dimensions, and establish the formulas for an n-dimensional 
projective collineation, 


CHAPTER VIII 
PROJECTIVITIES IN ONE-DIMENSIONAL FORMS * 


73. Characteristic throw and cross ratio. 

THEOREM 1. Jf M, N are double points of a projectivity on a line, 
and AA’, BB' are any two pairs of homologous points (ie. of 
MNAB Xx MNA'B), then MNAA' ~ MNBB'. 

Proof. Let S, S' be any two distinct points on a line through 
M (fig. 85), and let the lines SA and S'A’ meet in A”, and SB and 





M A Be Ag Bow 


S'B' meet in B’. The points A”, B", N are then collinear (Theorem 23, 
Chap. IV). If the line 4”B” meets SS’ in a point Q, we have 
" " 
MNAA! = MQSS' = MNBB'. 
This proves the theorem, which may also be stated as follows: 

The throws consisting of the pair of double points in a given order 
and any pair of homologous points are all equal. 

DeFInitTIon. The throw T (I/N, 44’), consisting of the double points 
and a pair of homologous points of a projectivity, is called the charac- 
teristic throw of the projectivity ; and the cross ratio of this throw 
is called the characteristic cross ratio of the projectivity.t 


* All the developments of this chapter are on the basis of Assumptions A, E, P, Ho. 
+ Since the double points enter symmetrically, the throws T(MN, AA’) and 
T(NM, AA’) may be used equally well for the characteristic throw. The corre- 
sponding cross ratios R (MN, AA’) and B (NM, AA’) are reciprocals of each other 
(cf. Theorem 138, Cor. 8, Chap. VI). 
205 
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CoroLuary 1. A projectivity on a line with two given distinct 
double points is uniquely determined by tts characteristic throw or 
cross ratio. 

CoroLLary 2. The characteristic cross ratio of any involution with 
double points is — 1. 

This follows directly from Theorem 27, Cor. 1, Chap. IV, and 
Theorem 13, Cor. 2, Chap. VI. 

If m, 7 are nonhomogeneous codrdinates of the double points, and 
k is the characteristic cross ratio of a projectivity on a line, we have 








for every pair of homologous points 2, a’. This is the analytic expres- 
sion of the above theorem, and leads at once to the following analytic 
expression for a projectivity on a line with two distinct double points 
mM, 1? 
CoROLLARY 3. Any projectivity on a line with two distinct double 
points m,n may be represented by the equation 
x! —m xL—m 


Se 
c—T L== 





a, x being any pair of homologous points. 

For when cleared of fractions this is a bilinear equation in 2’, x 
which obviously has m,n as roots. Moreover, since any projectivity 
with two given distinct double points is uniquely determined by one 
additional pair of homologous elements, it follows that any projec- 
tivity of the kind described can be so represented, in view of the fact 
that one such pair of homologous points will always determine the 
multiplier k. These considerations offer an analytic proof of Theo- 
rem 1, for the case when the double points 1, N are distinct. 

It is to be noted, however, that the proof of Theorem 1 applies 

equally well when the points WM, NV coincide, and leads to the follow- 
ing theorem : 

THEOREM 2. Jf in a parabolic projectivity with double point M the 
points AA' and BB' are two pairs of homologous points, the parabolic 
projectiity with double point M which puts A into B also puts A! 
into B', 

CoroLLaRy, The characteristic cross ratio of any parabolic Peis 
tivity is unity. : 


§ 73] CHARACTERISTIC THROW 207 


The characteristic cross ratio together with the double point is 
therefore not sufficient to characterize a parabolic projectivity com- 
pletely. Also, the analytic form for a projectivity with double points 
m,n, obtained above, breaks down when m=. We may, however, 
readily derive a characteristic property of parabolic projectivities, 
from which will follow an analytic form for these projectivities. 

THEOREM 3. If a parabolic projectivity with double point M trans- 
forms a point A into A' and A! into A", the pair of points A, A" is 
harmonic with the pair A'M; ie. we have H(MA!', AA"). 

Proof. By Theorem 23, Chap. IV, Cor., we have Q(MA4A’, M4" A’). 

Analytically, if the codrdinates of M, A, A’, A” are m, a, a’, a" 
respectively, we have, by Theorem 13, Cor. 4, Chap. VI, 


2 1 1 


a—m “2—mMm 








This gives 


7 ™ oa oh 4 
“o—- mM vw— mm Ho" — sh BO! 











which shows that if each member of this equation be placed equal to 


t, the relation 
1 1 
(1) = +7 


a—m x“x£—m 








is satisfied by every pair of homologous points of the sequence obtained 
by applying the projectivity successively to the points A, 4’, A”,.--. 
It is, however, readily seen that this relation is satisfied by every pair 
of homologous points on the line. For relation (1), when cleared of 
fractions, clearly gives a bilinear form in 2! and a, and is therefore a 
projectivity ; and this projectivity clearly has only the one double 
point m. It therefore represents a parabolic projectivity with the 
double point m, and must represent the projectivity in question, since 
the relation is satisfied by the coordinates of the pair of homologous 
points 4, A’, which are sufficient with the double point to determine 
the projectivity. 

We have then: 

CoroLLARY 1. Any parabolic projectivity with a double point, M, 
may be represented by the relation (1). 

DEFINITION. The number ¢ is called the characteristic constant of 
the projectivity (1). bolts 
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CoroLtuary 2. Conversely, if a projectivity with a double point 
M transforms a point A into A’, and A! into A", such that we have 
H(MA', AA"), the projectivity 1s parabolic. 

Proof. The double point M and the two pairs of homologous 
points 44’, A’A" are sufficient to determine the projectivity uniquely ; 
and there is a parabolic projectivity satisfying the given conditions. 

74. Projective projectivities. Let ma be a projectivity on a line /, 
and let 7, be a projectivity transforming the points of / into the 
points of another or the same line /’. The projectivity 7,7, * is then 
a projectivity on /'. For w,' transforms any point of /’ into a point 
of /, wr transforms this point into another point of J, which in turn is 
transformed into a point of /’ by 7,. Thus, to every point of /’ is made 
to correspond a unique point of /', and this correspondence is projec- 
tive, since it is the product of projective correspondences. Clearly, 
also, the projectivity 2, transforms any pair of homologous points of 
m into a pair of homologous points of w,7r7>*. 

DerinitIon. The projectivity 7,777," is called the transform of 
by 7, ; two projectivities are said to be projective or conjugate if one 
is a transform of the other by a projectivity. 

The question now arises as to the conditions under which two pro- 
jectivities are projective or conjugate. A necessary condition is evi- 
dent. If one of two conjugate projectivities has two distinct double 
points, the other must likewise have two distinct double points; if 
one has no double points, the other likewise can have no double points; 
and if one is parabolic, the other must be parabolic. The further 
conditions are readily derivable in the case of two projectivities with 
distinct double points and in the case of two parabolic projectivities. 
They are stated in the two following theorems: 

THEOREM 4. T'wo projectivities each of which has two distinct double 
points are conjugate if and only if their characteristic throws are equal. 

Proof. The condition is necessary. For if 7, 7’ are two conjugate 
projectivities, any projectivity 7, transforming 7 into v7’ transforms 
the double points M, N of w into the double points M’, NV’ of 7’, and 
also transforms any pair of homologous points A, A, of 7 into a pair 
of homologous points A’, A, of 7’; ie. 

m,(MNAA,) = M'N'4'A!. 


But this states that their characteristic throws are equal. 
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The condition is also sufficient; for if it is satisfied, tho projec- 
tivity 7, defined by 
o,(MNA) = M'N'A! 
clearly transforms 7 into zr’. 


CoROLLARY. Any two involutions with double points are conjugate. 
THEOREM 5. Any two parabolic projectivities are conjugate. 


Proof. Let the two parabolic projectivities be defined by 
7 (MMA) = MMA,, and 7'(M'M'4!) = M'M' 4). 
Then the projectivity 7, defined by 
1,(MAA,) = M'A'A! 


clearly transforms 7 into 7’. 

Since the characteristic cross ratio of any parabolic projectivity is 
unity, the condition of Theorem 4 may also be regarded as holding 
for parabolic projectivities. 

75. Groups of projectivities on a line. DEFINITION. Two groups G 
and G! of projectivities on a line are said to be conjugate if there 
exists a projectivity 7, which transforms every projectivity of G into a 
projectivity of G’, and conversely. We may then write 7,Gay>1=G’; 
and G’ is said to be the transform of G by 7. 

We have already seen (Theorem 8, Chap. IIT) that the set of all 
projectivities on a line form a group, which is called the general pro- 
jective group on the line. The following are important subgroups: 

1. The set of all projectwvities leaving a given point of the line 
invariant. 

Any two groups of this type are conjugate. For any projectivity 
transforming the invariant point of one group into the invariant point 
of the other clearly transforms every projectivity of the one into 
some projectivity of the other. Analytically, if we choose 7=o as 
the invariant point of the group, the group consists of all projectivities 
of the form 

v'= axn+b, 

2. The set of all projectivities leaving two given distinct points 
invariant. 

Any two groups of this type are conjugate. For any projectivity 
transforming the two invariant points of the one into the invariant 
points of the other clearly transforms every projectivity of the one 
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into a projectivity of the other. Analytically, if z,, 7, are the two 
invariant points, the group consists of all projectivities of the form 


Y = 
pasion on, ay A a 


[3F, pass Eg 
x'— x, L— x, 








The product of two such projectivities with multipliers * and X’ is 








clearly given by re as ane 
1 = kk! « ¥ 
a! — x, L— iL, 


This shows that any two projectivities of this group are commuta- 
tive. This result gives 

THEOREM 6. Any two projectivities which have two double points 
in common are commutative. 


This theorem is equivalent to the commutative law for multiplication. 
If the double points are the points 0 and », the group consists of all projec- 
tivities of the form 2’ = az. 


3. The set of all parabolic projectivities with a common double point. 

In order to show that this set of projectivities is a group, it is only 
necessary to show that the product of two parabolic projectivities 
with the same double point is parabolic. This follows readily from 
the analytic representation. The set of projectivities above described 
consists of all transformations of the form 


y 1 


al 
u— a, ww, 








+t, 


where a, is the common double point (Theorem 3, Cor. 1). If 


Leet + ¢,, and ak +t, 


al A ae se A tee eee 
v— xk, wv x, av av, aw x, 














are two projectivities of this set, the product of the first by the second 
is given by 1 1 








t t 
a! — a, paseo at by» 


which is clearly a projectivity of the set. It shows, moreover, that 
any two projectivities of this group are commutative. Whence 

THEOREM 7. Any two parabolic projectivities on a line with the 
same double point are commutative. 


This theorem is independent of Assumption P, although this assumption 
is implied in the proof we have given. The theorem has already been proved 
without this assumption in Example 2, p. 70. 
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Any two groups of this type are conjugate. For every projectivity 
ransforming the double point of one group into the double point of 
the other transforms the one group into the other, since the projec- 
tive transform of a parabolic projectivity is parabolic. 

DEFINITION. Two subgroups of a group G are said to be conjugate 
under G if there exists a transformation of G which transforms one 
of the subgroups into the other. A subgroup of G is said to be sel/- 
conjugate or invariant under G if it is transformed into itself by 
every transformation of G; ie. if every transformation in G trans- 
forms any transformation of the subgroup into another (or the same) 
transformation of the subgroup. 

We have seen that any two groups of any one of the three types 
are conjugate subgroups of the general projective group on the line. 
We may now give an example of a self-conjugate subgroup. 

The set of all parabolic projectivities in a group of Type 1 above is 
a self-conjugate subgroup of this group. It is clearly a subgroup, since 
it is a group of Type 3. And it is self-conjugate, since any conjugate 
of a parabolic projectivity is parabolic, and since every projectivity of 
the group leaves the common double point invariant. 


EXERCISES 


1. Write the equations of all the projective transformations which permute 
among themselves (a) the points (0,1), (1,0), (1,1); (0) the points (0,1), 
(1, 0), (1,1), (4,5); (ce) the points (0,1), (1,0), (1,1), (—1,1). What 
are the equations of the self-conjugate subgroup of the group of transforma- 
tions (a)? 

2. If a projectivity x’ = (ax + b)/(cx + d) having two distinct double ele- 
ments be written in the form of Cor. 3, Theorem 1, show that 
_4—Ch, _ , b— dry, en AeER ak CLitek)* (a ats 

= Ci aR b— dz,’ k ad — be 





k 





3. If a parabolic projectivity a’ = (az + b)/(cx + d) be written in the form 
of Theorem 3, Cor. 1, show that m = (a—d)/2c, andt=2c/(a+d). 

4. Show that a projectivity with distinct double points z,, x, and charac: 
teristic cross ratio k can be written in the form 
ey 
Th, Ay 1 
, | ktg 1 
cae Nee 01s 
ie dk al 
iy 18 dh 
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5. Show that the parabolic projectivity of Theorem 8, Cor. 1, may be 


written in the form 
a 0 1 


x x 1] 
ID ges 1, 


fr 


Qty 3! 
“ej val 
Teta) 

6. If by means of a suitably chosen transformation of a group any of the 
elements transformed may be transformed into any other element, the group 
is said to be transitive. If by a suitably. chosen transformation of a group any 
set of n distinct elements may be transformed into any other set of n distinct 
elements, and if this is not true for all sets of n + 1 distinct elements, the 
group is said to be n-ply transitive. Show that the general projective group on 
a line is triply transitive, and that of the subgroups listed in § 75 the first 
is doubly transitive and the other two are simply transitive. 

7. If two projectivities on a line, each having two distinct double points, 
have one double point in common, the characteristic cross ratio of their prod- 
uct is equal to the product of their characteristic cross ratios. 














76. Projective transformations between conics. We have consid- 
ered hitherto projectivities between one-dimensional forms of the 
first degree only. We shall now see how projectivities exist also be- 
tween one-dimensional forms of the second degree, and also between 
a one-dimensional form of the first and one of the second degree. 
Many familiar theorems will hereby appear in a new light. 

As typical for the one-dimensional forms of the second degree we 
choose the conic. The corresponding theorems for the cone then 
follow by the principle of duality. 

Let 7, be a projective collineation between two planes a, @,, and 
let C? be any conic in a Any two projective pencils of lines in @ 
are then transformed by 7, into two projective pencils of lines in a,, 
such that any two homologous lines of the pencils in @ are trans- 
formed into a pair of homologous lines in @,; for if + be the projec- 
tivity between the pencils in @, 7,77, will be a projectivity between 
the pencils in a, (cf. § 74). Two projective pencils of lines generating 
the conic C* thus correspond to two pencils of lines in a, generating 
a conic Cy’. The transformation 7r, then transforms every point of C? 
into a unique point of CY. Similarly, it is seen that 7, transforms 
every tangent of C’ into a unique tangent of C?. 

DEFINITION. Two conics are said to be projective if to every point of 
one corresponds a point of the other, and to every tangent of one 
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corresponds a tangent of the other, in such a way that this correspond- 
ence may be brought about by a projective collineation between the 
planes of the conics. The projective collineation is then said to 
generate the projectivity between the conics. 

Two conics in different planes are projective, for example, if one is the pro- 
jection of the other from a point on neither of the two planes. If the second 
of these is projected back on the plane of the first from a new center, we 
obtain two conics in the same plane that are projective. We will see presently 
that two projective conics may also coincide, in which case we obtain a pro- 
jectivity on a conic, 

THEOREM 8. Zwo conics that are projective with a third are 
projective. 

Proof. This is an immediate consequence of the definition and the 
fact that the resultant of two collineations is a collineation. 

We proceed now to prove the fundamental theorem for projec- 
tivities between two conics. 

THEOREM 9. A projectivity between two conics is uniquely deter- 
mined if three distinct points (or tangents) of one are made to corre- 
spond to three distinct points (or tangents) of the other. 





Fic. 86 


Proof. Let C’, C? be the two conics (fig. 86), and let A, B, C be 
three points of C?, and 4’, B’, C’ the corresponding points of C?. Let 
P and P’ be the poles of AB and A'B’ with respect to C? and C? 
respectively. If now the collineation 7 is defined by the relation 
a (ABCP) = A'B'C'P' (Theorem 18, Chap. IV), it is clear that the 
conic C? is transformed by 7r into a conic through the points 4’, B’, C', 
with tangents 4’P’ and B’P’, This conic is uniquely determined by 
these specifications, however, and is therefore identical with Cy. The 
collineation 7 then transforms C* into C? in such a way that the 
points 4, B, C are transformed into 4’, B’, C’ respectively. Moreover, 
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suppose 7 were a second collineation transforming C? into C? in the 
way specified. Then 7!" would be a collineation leaving A, B, C, P 
invariant; i.e. 7 = 7’. 

The argument applies equally well if 4’B’C' are on the conic C”, 
ie. when the two conics C’, C? coincide. In this case the projectivity 
is on the conic C. This gives 

CoRoLLaRY 1. A projectivity on a conic is uniquely determined when 


three pairs of homologous elements (points or tangents) are given. 

Also from the proof of the theorem follows 

CoroLLary 2. A collineation in a plane which transforms three 
distinct points of a conic into three distinct points of the same conte and 
which transforms the pole of the line joining two of the first three 
points into the pole of the line joining the two corresponding povnts 
transforms the conic into itself. 

The two following theorems establish the connection between pro- 
jectivities between two conics and projectivities between one-dimen- 
sional forms of the first degree. 


THEOREM 10. Jf A and B' are 
any two points of two projective 
conics C? and C} respectively, the 
pencils of lines with centers at A 
and B' are projective if every pair 
of homologous lines of these pencils 
pass through a pair of homologous 


points on the two conies respectively. 


THEOREM 10!. Jf a and Bb! are 
any two tangents of two projective 
conics C? and C? respectively, the 
pencils of points on a and 0! are 
projective uf every pair of homol- 
ogous points on these lines ts on 
a pair of homologous tangents of 
the conies respectively. 


Proof. It will suffice to prove the theorem on the left. Let A’ be 
the point of C? homologous with 4. The collineation which generates 
the projectivity between the conics then makes the pencils of lines at 
A and A’ projective, in such a way that every pair of homologous 
lines contains a pair of homologous points of the two conics. The pen- 
cil of lines at B’ is projective with that at 4’ if they correspond in 
such a way that pairs of homologous lines intersect on 0? (Theorem 
2, Chap. V). This establishes a projective correspondence between 
the pencils at A and B’ in which any two homologous lines pass 
through two homologous points of the conics and proves the theorem. 

It should be noted that in this projectivity the tangent to C? at A 
corresponds to the line of the pencil at B’ passing through 4’. 
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COROLLARY. Conversely, if two 
conics correspond in such a way 
that every pair of homologous 
points is on a pair of homologous 
lines of two projective pencils of 
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CorOLLaRY. Conversely, if two 
coniés correspond in such a way 
that every pair of homologous tan- 
gents is on a pair of homologous 
points of two projective pencils of 


lines whose centers are on the points whose axes are tangents of 


conics, they are projective. the contes, they are projective. 


Proof. This follows from the fact that the projectivity between the 
pencils of lines is uniquely determined by three pairs of homologous 
lines. A projectivity between the conics is also determined by the 
three pairs of points (Theorem 9), in which three pairs of homolo- 
gous lines of the pencils meet the conics. But by what precedes 
and the theorem above, this projectivity is the same as that described 
in the corollary on the left. The corollary on the right may be proved 
similarly. If the two conics are in the same plane, it is simply the 
plane dual of the one on the left. 

By means of these two theorems the construction of a projectivity 
between two conics is reduced to the construction of a projectivity 
between two primitive one-dimensional forms. 

It is now in the spirit of our previous definitions to adopt the 


following : 


DEFINITION. A point conic and 
a pencil of lines whose center is a 
point of the conic are said to be 
perspective if they correspond in 
such a way that every point of 
the conic is on the homologous 
line of the pencil. A point conic 
and a pencil of points are said to 
be perspective if every two homol- 
ogous points are on the same line 
of a pencil of lines whose center 
is a point of the conic. 


DEFINITION. A line conic and 
a pencil of points whose axis is 
a line of the conic are said to be 
perspective if they correspond in 
such a way that every line of the 
conic passes through the homolo- 
gous point of the pencil of points. 
A line conic and a pencil of lines 
are said to be perspective if every 
two homologous lines meet in a 
point of a pencil of points whose 
axis is a line of the conic. 


The reader will now readily verify that with this extended use of 
the term perspective, any sequence of perspectivities leads to a pro- 
jectivity. For example, two pencils of lines perspective with the same 
point conic are projective by Theorem 2, Chap. V; two point conics 
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perspective with the same pencil of lines or with the same pencil of 
points are projective by Theorem 10, Cor., etc. 

Another illustration of this extension of the notion of perspectivity 
leads readily to the following important theorem : 


THEOREM 11. Zwo conics which are not in the same plane and have 
a common tangent at a point A are sections of one and the same cone. 


Proof. If the two conics C’, C? (fig. 87) are made to correspond 
in such a way that every tangent z of one is associated with that 
tangent «’ of the other 
which meets # in a 
point of the common 
tangent a of the conics, 
they are projective. 
For the tangents of 
the conics are then 
perspective with the 
same pencil of points 
(cf. Theorem 10’, Cor.). Every pair of homologous tangents of the two 
conics determines a plane. If we consider the point O of intersection 
of three of these planes, say, those determined by the pairs of tangents 
bd’, cc’, dd’, and project the conic C? on the plane of C? from O, there 
results a conic in the plane of C*. This conic has the lines 8, c, d for 
tangents and is tangent to a at A; it therefore coincides with C? 
(Theorem 6’, Chap. V). The two conics C*, C? then have the same 
projection from O, which proves the theorem.* 


(es 
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EXERCISES 


1. State the theorems concerning cones dual to the theorems of the preced- 
ing sections. 

2. By dualizing the definitions of the last article, define what is meant by 
the perspectivity between cones and the primitive one-dimensional forms. 

3. If two projective conics have three self-corresponding points, they are 
perspective with a common pencil of lines. 

4. If two projective conics have four self-corresponding elements, they 
coincide. 

5. State the space duals of the last two propositions. 


*Tt will be seen later that this theorem leads to the proposition that any conic 
may be obtained as the projection of a circle tangent to it in a different plane. 
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6. If a pencil of lines and a conic in the plane of the pencil are projective, 
but not perspective, not more than three lines of the pencil pass through their 
homologous points on the conic. (Hint. Consider the points of intersection of 
the given conic with the conic generated by the given pencil and a pencil of 
lines perspective with the given conic.) Dualize. 

7. The homologous lines of a line conic and a projective pencil of lines in 
the same plane intersect in points of a “curve of the third order’’ such that 
any line of the plane has at most three points in common with it. (This fol- 
lows readily from the last exercise.) 

8. The homologous elements of a cone of lines and a projective pencil of 
planes meet in a ‘space curve of the third order’’ such that any plane has 
at most three points in common with it. 

9. Dualize the last two propositions. 


77. Projectivities on a conic. We have seen that two projective 
conics may coincide (Theorems 8-10), in which case we obtain a 
projective correspondence among the points or the tangents of the 
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conic. The construction of the projectivity in this case is very 
simple, and leads to many important results. It results from the 
following theorems: 

THEOREM 12. Jf A, A’ are any THEOREM 12'. Jf a, a! are any 
two distinct homologous points of two distinct homologous tangents 
a projectivity on a conic,and B,B'; of a projectivity on a conic, and 
C, C'; ete, are any other pairs of 6, b'; ¢, c'; etc., are any other parrs 
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homologous points, the lines A'B 
and AB', A'C and AC", ete., meet 
in points of the same line; and 
this line is independent of the pair 
AA! chosen. 
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of homologous tangents, the pornts 
a'b and ab’, a'e and ac’, ete., are 
collinear with the same povnt; 
and this point ts independent of 
the puir aa! chosen. 


Proof. The pencils of lines A'(ABC---) and A(A'B'C'- --) are pro- 
jective (Theorem 10), and since they have a self-corresponding line 
AA’, they are perspective, and the pairs of homologous lines of these 
two pencils therefore meet in the points of a line (fig. 88). This 
proves the first part of the theorem on the left. That the line thus 
determined is independent of the homologous pair 44’ chosen then 
follows at once from the fact this line is the Pascal line of the simple 
hexagon AB'CA'BC', so that the lines BC and BC’ and all other 
analogously formed pairs of lines meet on it. The theorem on the 
right follows by duality. 

DEFINITION. The line and the point determined by the above dual theo- 
rems are called the axis and the center of the projectivity respectively. 


CoroLuary 1. A (nonidentical) CoroLLary 1’. A (nonidenti- 


projectivity on a conte is uniquely 
determined when the axis of pro- 
jectivity and one pair of distinet 
homologous points are given. 


cal) projectivity on a conte ts 
uniquely determined the 
center and one pair of distinct 
homologous tangents are given. 


when 


These corollaries follow directly from the construction of the pro- 
jectivity arising from the above theorem. This construction is as 
follows: Given the axis o and a pair of distinct homologous points 
AA’, to get the point P’ homologous with any point P on the conic; 
join P to A’; the point P’ is then on the line joining A to the point 
of intersection of A’P with o. Or, given the center O and a pair of 
distinct homologous tangents aa’, to construct the tangent p’ homolo- 
gous with any tangent p; the line joining the point a’p to the center 


meets @ in a point of p’. 


CorROLLARY 2. Hvery double 
point of a projectivity on a conic 
as on the awis of the projectivity ; 
and, conversely, every point com- 
mon to the axis and the conie ds 
a double point. 


CoroLLaRy 2'. Every double 
line of a projectivity on a conic 
contains the center of the projec- 
tivity; and, conversely, every tan- 
gent of a conic through the center 
as a double line of the projectivity. 
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COROLLARY 3. A projectivity CoroLLary 3!. A projectivity 
among the points on a conte is among the tangents to a conic ts 
parabolic if and only if the axis parabolic if and only tf the center 
is tangent to the conte. is a point of the conte. 


THEOREM 13. A projectivity among the points of a conic determines 
a projectivity of the tangents in which the tangents at pairs of homol- 
ogous points are homologous. 

Proof. This follows at once from the fact that the collineation in 
the plane of the conic which generates the projectivity transforms 
the tangent at any point of the conic into the tangent at the homol- 
ogous point, and hence also generates a projectivity between the 
tangents. 

THEOREM 14. The center of a projectivity of tangents on a conic 
and the axis of the corresponding projectivity of points are pole and 
polar with respect to the conte. 
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Proof. Let AA’, BB', CC’ (fig. 89) be three pairs of homologous 
points (44! being distinct), and let A’B and AB’, A'C and AC’, meet 
in points & and S respectively, which determine the axis of the pro- 
jectivity of points. Now the polar of & with respect to the conic is 
determined by the intersections of the pairs of tangents at 4’, B and 
A, B' respectively ; and the polar of S is determined by the pairs of 
tangents at 4’, C and A, C’ respectively (Theorem 13, Chap. V). The 
pole of the axis RS is then determined as the intersection of these 
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a 


two polars (Theorem 17, Chap. V). But by definition these two polars 
also determine the center of the projectivity of tangents. 

This theorem is obvious if the projectivity has double elements ; the proof 
given, however, applies to all cases. 

The collineation generating the projectivity on the conic transforms 
the conic into itself and clearly leaves the center and axis invariant. 
The set of all collineations in the plane leaving the conic invariant 
form a group (cf. p. 67). In determining a transformation of this 
group, any point or any line of the plane may be chosen arbitrarily 
as a double point or a double line of the collineation; and any two 
points or lines of the conic may be chosen as a homologous pair of 
the collineation. The collineation is then, however, uniquely deter- 
mined. In fact, we have already seen that the projectivity on the 
conic is uniquely determined by its center and axis and one pair of 
homologous elements (Theorem 12, Cor. 1); and the theorem just 
proved shows that if the center of the projectivity is given, the axis 
is uniquely determined, and conversely. 

Coro.tuary 1. A plane projective collineation which leaves a non- 
degenerate conic in its plane invariant is of Type I if it has two 
double points on the conic, wnless it is of period two, in which case tt 
is of Type IV; and ws of Type III if the corresponding projectivity 
on the conic is parabolic. 

CoROLLARY 2. An elation or a collineation of Type IT transforms 
every nondegenerate conic of rts plane into a different conte. 

CorROLLARY 3. A plane projective collineation which leaves a conic 
in its plane invariant and has no double point on the conic has one 
and only one double point in the plane. 

THEOREM 15. The group of projective collineations in a plane leav- 
ing a nondegenerate conic invariant is simply isomorphic* with the 
general projective group on w line. 

Proof. Let A be any point of the invariant conic. Any projectivity 
on the conic then gives rise to a projectivity in the flat pencil at 4 in 
which two lines are homologous if they meet the conic in a pair of 
homologous points. And, conversely, any projectivity in the flat 


* Two groups are said to be simply isomorphic if it is possible to establish a (1,1) 
correspondence between the elements of the two groups such that to the product of 
any two elements of one of the groups corresponds the product of the two corre- 
sponding elements of the other, 
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. pencil at A gives rise to a projectivity on the conic. The group of all 
projectivities on a conic is therefore simply isomorphic with the group 
of all projectivities in a flat pencil, since it is clear that in the corre- 
spondence described between the projectivities in the flat pencil and 
on the conic, the products of corresponding pairs of projectivities will 
be corresponding projectivities. Hence the group of plane collineations 
leaving the conic invariant is simply isomorphic with the general pro- 
jective group in a flat pencil and hence with the general projective 
group on a line. 

78. Involutions. An involution was defined (p. 102) as any projec- 
tivity in a one-dimensional form which is of period two, ie. by the 
relation I?=1(I +1), where I represents an involution. This relation 
is clearly equivalent to the other, [=I~*(I#1), so that any projec- 
tivity (not the identity) in a one-dimensional form, which is identical 
with its inverse, is an involution. It will be recalled that since an in- 
volution makes every pair of homologous elements correspond doubly, 
ie. A to A’ and A’ to A, an involution may also be considered as a 
pairing of the elements of a one-dimensional form; any such pair is 
then called a conjugate pair of the involution. We propose now to 
consider this important class of projectivities more in detail. To this 
end it seems desirable to collect the fundamental properties of invo- 
lutions which have been obtained in previous chapters. They are as 
follows: 

1. If the relation 1*(A)=A holds for a single element A (not a 
double element of 1) of a one-dimensional form, the projectivity m is 
an involution, and the relation holds for every element of the form 
(Theorem 26, Chap. IV). 

2. An involution is uniquely determined when two pairs of conju- 
gate elements are given (Theorem 26, Cor., Chap. IV). 

3. The opposite pairs of any quadrangular set are three pairs of 
an involution (Theorem 27, Chap. IV). 

4. If M, N are distinct double elements of any projectivity in a 
one-limensional form and A, A' and B, B' are any two pairs of 
homologous elements of the projectivity, the pairs of elements MN, AB’ 
A'B are three pairs of an involution (Theorem 27, Cor. 3, Chap. IV), 

5. If M, N are double elements of an involution, they are distinct, 
and every conjugate pair of the involution is harmonic with M, N 
(Theorem 27, Cor. 1, Chap. IV). 
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6. An involution is uniquely determined, if two double elements are 
given, or tf one double element and another conjugate pair are gwen. 
(This follows directly from the preceding.) 

7. An involution is represented analytically by a bilinear form 
cx! — a(x + a')—b = 0, or by the transformation 

gf a tet b 
cn — a 
(Theorem 12, Cor. 3, Chap. V1). 

8. An involution with double elements m,n may be represented by 

the transformation 


a’?+ be#0 





a!’ —m L— mM 








a'—n xL—N 
(Theorem 1, Cors. 2, 3, Chap. VIII). 

We recall, finally, the Second Theorem of Desargues and its various 
modifications (§ 46, Chap. V), which need not be repeated at this 
place. It has been seen in the preceding sections that any projec- 
tivity in a one-dimensional primitive form may be transformed into a 
projectivity on a conic. We shall find that the construction of an in- 
volution on a conic is especially simple, and may be used to advantage 
in deriving further properties of involutions. Under duality we may 
confine our consideration 
to the case of an involu- 
tion of points on a conic. 

THEOREM 16. The lines 
joining the conjugate points 
of an involution on a conic 
all pass through the center 
of the involution. 

Proof. Let A, A' (fig. 90) 
be any conjugate pair (4 
not a double point) of an 
involution of points on a 
conic O*. The line 4 4’is then an invariant line of the collineation gener- 
ating the involution. Every line joining a pair of distinct conjugate 
points of the involution is therefore invariant, and the generating 
collineation must be a perspective collineation, since any collineation 
leaving four lines invariant is either perspective or the identity 
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(Theorem 9, Cor. 3, Chap. III). It remains only to show that the 
center of this perspective collineation is the center of the involution. 
Let B, B’ (B not a double point) be any other conjugate pair of the 
involution, distinct from A, A’. Then the lines AB’ and 4’B inter- 
sect on the axis of the involution. But since B, B’ correspond to each 
other doubly, it follows that the lines 4B and A’B' also intersect 
on the axis. This axis then joins two of the diagonal points of the 
quadrangle 4A’BB'. The center of the perspective collineation is 
determined as the intersection of the lines 44! and BB’, ie. it is 
the third diagonal point of the quadrangle 4.4'BB’. The center of 
the collineation is therefore the pole of the axis of the involution 
(Theorem 14, Chap. V) and is therefore (Theorem 14, above) the center 
of the involution. 

Since this center of the involution is clearly not on the conic, the 
generating collineation of any involution of the conic is a homology, 
whose center O and axis 0 are pole and polar with respect to the conic. 
A homology of period two is sometimes called a harmonic homol- 
ogy, Since it transforms any point P of the plane into its harmonic 
conjugate with respect to O and the point in which OP meets 
the axis. It is also called a projective reflection or a point-line reflec- 
tion. Clearly this is the only kind of homology that can leave a conic 
invariant. : 

The construction of the pairs of an involution on a conic is now 
very simple. If two conjugate pairs 4, A’ and B, B’ are given, the lines 
AA! and BB’ determine the center of the involution. The conjugate 
of any other point C on the conic is then determined as the intersec- 
tion with the conic of the line joining C to the center. If the involu- 
tion has double points, the tangents at these points pass through the 
center of the involution; and, conversely, if tangents can be drawn to 
the conic from the center of the involution, the points of contact of 
these tangents are double points of the involution. 

The great importance of involutions is in part due to the following 
theorem : 


THEOREM 17. Any projectivity in a one-dimensional form may be 
obtained as the product of two involutions. 


Proof. Wet Il be the projectivity in question, and let A be any 
point of the one-dimensional form which is not a double point. 


224 ONE-DIMENSIONAL PROJECTIVITIES — [Cuar. VIII 


Further, let I1(4) = 4’ and II(4’)= A". Then, if I, is the involution 
of which 4! is a double point and of which AA” is a conjugate pair 
(Prop. 6, p. 222), we have 
[,- II (AA’) = A’A, 
so that in the projectivity I,- Il the pair 4A’ corresponds to itself 
doubly. J,-II is therefore an involution (Prop. 1, p. 221). If it be 
denoted by I,, we have J,-II=I,, or I1=1,-I,, which was to be 
proved. 
This proof gives at once: 


CoroLLaRY 1. Any projectivity Il may be represented as the prod- 
uct of two involutions, I1=I,-1,, either of which (but not both) has 
an arbitrary point (not a double point of I1) for a double point. 


Proof. We have seen above that the involution I, may have an 
arbitrary point (4’) for a double point. If in the above argument we 
let I, be the involution of which 4’ is a double point and 4A” is a 
conjugate pair, we have II -I,(4'A”) = A"4’; whence II-I, is an inyo- 
lution, say I,. We then have II =I,-I,, in which I, has the arbitrary 
point A’ for a double point. 

The argument given above for the proof of the theorem applies 
without change when A =A", ie. when the projectivity I is an in- 
volution. This leads readily to the following important theorem : 


CoroLuary 2. If A A! ts a conjugate pair of an involudion I, the 
involution of which A, A' are double points transforms I into itself, 
and the two involutions are commutative. 


Proof. The proof of Theorem 17 gives at once I=I,-I,, where I, 
is determined as the involution of which A, 4’ are double points. We 
have then I,-I=I,, from which follows, by taking the inverse of both 
sides of the equality, I-I,=I;*=I,, or I,-I=I-1,, or I,-I-L=1 

As an immediate corollary of the preceding we have 

CoroLLARY 3. The product of two involutions with double points 
A, A' and B, B' respectively transforms into itself the involution in 
which A A' and B B' are two conjugate pairs. 

Involutions related as are the two in Cor. 2 above are worthy of 
special attention. 


DEFINITION. Two involutions are said to be harmonic if their 
product is an involution, 
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THEOREM 18. Two harmonic involutions are commutative. 

Proof. lf 1,,1, are harmonic, we have, by definition, I,-I,=I,, where 
I, is an involution. This gives at once the relations I,-I,-I,=1 and 
PL =I,-I.. 

COROLLARY. Conversely, if two distinct involutions are commutative, 
they are harmonic. 

For from the relation I,-I,=I,-I, follows (J,-1,)?=1; ie. I,-I, 
is an involution, since I,-1,#1. 

Derinition. The set of involutions harmonic with a given involu- 
tion is called a pencil of involutions. 

It follows then from Theorem 17, Cor. 2, that the set of all involu- 
tions in which two given elements form a conjugate pair is a pencil. 
Thus the double points of the involutions of such a pencil are the 
pairs of an involution. 

79. Involutions associated with a given projectivity. In deriving 
further theorems on involutions we shall find it desirable to suppose 
the projectivities in question to be on a conic. 


THEOREM 19. [fa projectivity on a conic is represented as the product 
of two involutions, the axis of the projectivity is the line joining the 
centers of the two involutions. 

Proof. Let the given projec- 
tivity be II=I,-I,; I,, 1, being 
two involutions. Let O,, O, be 
the centers of I,, I, respectively 
(fig. 91), and let A and B be 
any two points on the conic 
which are not double points of 
either of the involutions I, or I, 
and which are not a conjugate 
pair of I, or I,. If, then, we 
have II (AB) = A'B’, we have, by Fic. 91 
hypothesis, I,(AB) = A,B, and 
I,(A,B,) = A'B'; A,, B, being uniquely determined points of the conic, 
such that the lines 44,, BB, intersect in O, and the lines 4,4’, BB’ 
intersect in O,. The Pascal line of the hexagon 44,A/BB,B' then 
passes through O,, O, and the intersection of the lines 4B’ and A’B. 
But the latter point is a point on the axis of II, This proves the theorem. 
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CoroLLary. A projectivity on a conic is the product of two involu- 
tions, the center of one of which may be any arbitrary point (not a 
double point) on the axis of the projectivity ; the center Mick the other 
is then wniquely determined. 


Proof. Let the projectivity II be determined by its axis 7 and any 
pair of homologous points A, 4’ (fig. 91). Let O, be any point on the 
axis not a double point of IH, and let I, be the involution of which 
O, is the center. If, then, I,(4) =4,, the center O, of the involution 
I, such that IIT =I,-1, is clearly determined as the intersection of the 
line 4,4’ with the axis. For by the theorem the product J,-J, is a 
projectivity having / for an axis, and it has the points A, A’ as a homol- 
ogous pair. This shows that the center of the first involution may 
be any point on the axis (not a double point). The modification of 
this argument in order to show that the center of the second inyolu- 
tion may be chosen arbitrarily (instead of the center of the first) is 
obvious. 


THEOREM 20. There is one and only one involution commutative 
with a given nonparabolic noninvolutoric projectivity. If the projec- 
tiwity is represented on a conic, the center of this involution is the 
center of the projectivity. 


Proof. Let the given nonparabolic projectivity II be on a conie, 
and let I be any involution commutative with II; ie. such that we 
have I1-[=I-II. This is equivalent to I1-I-N~*=I. That is to say, 
I is transformed into itself by II. Hence the center of I is transformed 
into itself by the collineation generating I. But by hypothesis the 
only invariant points of this collineation are its center and the points 
(if existent) in which its axis meets the conic. Since the center of I 
cannot be on the conic, it must coincide with the center of Il. More- 
over, if the center of I is the same as the center of II, I is trans- 
formed into itself by the collineation generating I, I-I-II-?=1. 
Hence II-[=I-I. Hence I is the one and only involution commu- 
tative with IT. 


CoroLLary 1. There is no involution commutative with a parabolic 
projectivity. 

Derinition. The involution commutative with a given nonpara- 
bolic noninvolutoric projectivity is called the involution belonging to 
the given projectivity. An involution belongs to itself. 
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CoROLLARY 2. If a nonparabolic projectivity has double points, the 
involution belonging to the projectivity has the same double points. 


For if the axis of the projectivity meets the conic in two points, 
the tangents to the conic at these points meet in the pole of the axis. 

It is to be noted that the involution I belonging to a given projec- 
tivity II transforms IT into itself, and is transformed into itself by II. 
Indeed, from the relation IT-I=I-II follow at once the relations 
I.11-I=W and IJ-I-IJ-*=I. Conversely, from the equation 
II-I-II-* follows N-I=I-IL. 


THEOREM 21. The necessary and sufficient condition that two invo- 
lutions on a conie be harmonic is that their centers be conjugate with 
respect to the conte. 


Proof. The condi- 
tion is sufficient. For 
let I,, I, be two invo- 
lutions on the conic 
whose centers O,, O, 
respectively are con- 
jugate with respect 
to the conic (fig. 92). 
Let A be any point 
of the conic not a 
double point of either involution, and let I,(A) =A, and I,(4,) = A’. 
If, then, I, (4) = 4/, the center O, is a diagonal point of the quadrangle 
AA,A'A/, and the center O, is on the side 4,4’. Since, by hypothesis, 
O, is conjugate to O, with respect to the conic, it must be the diago- 
nal point on 4,4’, ie. it must be collinear with AA!. We have then 
I,-1,(44') = A’A, ie. the projectivity I,-I, is an involution I,, The 
center O, of the involution I, is then the pole of the line 0,0, with 
respect to the conic (Theorem 19). The triangle 0,0,0, is therefore 
self-polar with respect to the conic. It follows readily also that the 
condition is necessary. For the relation I,-I,=I, leads at once to 
the relation I,=I,-1,. If 0,, O,, O, are the centers respectively of 
the involutions I,, I,, I,, the former of these two relations shows 
(Theorem 19) that O, is the pole of the line 0,0,; while the latter 
shows that O, is the pole of the line 0,0, The triangle 0,0,0, is 
therefore self-polar. 
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CoroLuary 1. Given any two involutions, there exists a third invo- 
lution which is harmonic with each of the given involutions. 


For if we take the two involutions on a conic, the involution whose 
center is the pole with respect to the conic of the line joining the 
centers of the given involutions clearly satisfies the condition of the 
theorem for each of the latter. 


CoroLLaRY 2. Three involutions each of which is harmonic to the 
other two constitute, together with the identity, a group. 

CoroLLary 3. The centers of all involutions in a pencil of involu- 
tions are collinear. 

THEOREM 22. The set of all projectivities to which belongs the same 
involution I forms a commutative group. 


Proof. Tf II, II, are two projectivities to each of which belongs the 
involution I, we have the relations I-IJ-I=II and I-l,-I1=I,, 
from which follows I-II~*-1=II~* and, by multiplication, the rela- 
tion I-I0-1-1-W,-I=1-II-II,-l1=I1-U,, which shows that the set 
forms a group. To show 
that any two projectivities 
of this group are commu- 
tative, we need only sup- 
pose the projectivities 
given on a conic. Let 4 
be any point on this 
conic, and let II (4) = 4’ 
and IH,(4’)=4/, so that 
II,-I1(A)= Aj. Since the 
same involution I belongs, 
by hypothesis, both to II and II,, these two projectivities have the 
same axis; let it be the line / (fig. 93). The point II,(A) = A, is now 
readily determined (Theorem 12) as the intersection with the conic of 
the line joining A’ to the intersection of the line 44/ with the axis 1. 
In like manner, II(4,) is determined as the intersection with the 
conic of the line joining 4 to the intersection of the line 4,A’ with 
the axis 7. Hence II(A,) = 4/, and hence II-II,(A) = 4). 

It is noteworthy that when the common axis of the projectivities 
of this group meets the conic in two points, which are then common 
double points of all the projectivities of the group, the group is the 
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same as the one listed as Type 2, p. 209. If, however, our geometry 
admits of a line in the plane of a conic but not meeting the conic, the 
argument just given proves the existence of a commutative group 
none of the projectivities of which have a double point. 


THEOREM 23. Two involutions have a conjugate pair (or a double 
point) in common if and only if the product of the two involutions 
has two double points (or ts parabolic). 


Proof. This follows at once if the involutions are taken on a conic. 
For a common conjugate pair (or double point) must be on the line 
joining the centers of the two involutions. This line must then meet 
the conic in two points (or be tangent to it) in order that the involu- 
tions may have a conjugate pair (or a double point) in common. 


EXERCISES 


1. Dualize all the theorems and corollaries of the last two sections. 

2. The product of two involutions ona conic is parabolic if and only if the 
line joining the centers of the involutions is tangent to the conic. Dualize. 

3. Any involution of a pencil is uniquely determined when one of its con- 
jugate pairs is given. 

4. Let II be a noninvolutoric projectivity, and let I be the involution be- 
longing to II; further, let II( AA’) = A’A”, A being any point on which the 
projectivity operates which is not a double point, and let 1(A’) = A. Show, 
by taking the projectivity on a conic, that the points A’A/ are harmonic 
with the points AA”. 

5. Derive the theorem of Ex. 4 directly as a corollary of Prop. 4, p. 221, 
assuming that the projectivity II has two distinct double points. 

6. From the theorem of Ex. 4 show how to construct the involution be- 
longing to a projectivity II on a line without making use of any double points 
the projectivity may have. 

7. A projectivity is uniquely determined if the involution belonging to it 
and one pair of homologous points are given. 

8. The product of two involutions I,, I, is a projectivity to which belongs 
the involution which is harmonic with each of the involutions I,, I,. 

9. Conversely, every projectivity to which a given involution I belongs can 
be obtained as the product of two involutions harmonic with I. 

10. Show that any two projectivities II,, II, may be obtained as the 
product of involutions in the form TI, =I-1,, Il, =1,-1; and hence that the 
product of the two projectivities is given by I,-II, =1,-1,. 

11. Show that a projectivity II =I-I, may also be written II = I,-I, I, 
being a uniquely determined involution; and that in this case the two invo- 
lutions J, I, are distinct unless IJ is involutoric. 
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12. Show that if I,, I,, I, are three involutions of the same pencil, the 
relation (I, -I,-I,)? = 1 must hold. 

13. If aa’, bl’, cc’ are the codrdinates of three pairs of points in involution, 
’—-b W—c ec 


a 
show that . 
: w—ece Va c—b 





80. Harmonic transformations. The definition of harmonic involu- 
tions in the section above is a special case of a more general notion 
which can be defined for (1, 1) transformations of any kind whatever. 

DEFINITION. Two distinct transformations A and B are said to be 
harmonic if they satisfy the relation (AB~’)*=1 or the equivalent 
relation (BA~*)?=1, provided that AB~* #1. 

A number of theorems which are easy consequences of this defini- 
tion when taken in conjunction with the two preceding sections are 
stated in the following exercises. (Cf. C. Segre, Note sur les homo- 
graphies binaires et leur faisceaux, Journal fur die reine und ange- 
wandte Mathematik, Vol. 100 (1887), pp. 317-330, and H. Wiener, 
Ueber die aus zwei Spiegelungen zusammengesetzten Verwandt- 
schaften, Berichte d. K. sachsischen Gesellschaft der Wissenschaften, 
Leipzig, Vol. 43 (1891), pp. 644-673.) 


EXERCISES 


1. If A and B are two distinct involutoric transformations, they are har- 
monic to their product AB. 

2. If three involutoric transformations A, B, I satisfy the relations 
(ABLr)?= 1, ABI #1, they are all three harmonic to the transformation AB. 

3. If a transformation § is the product of two involutoric transformations 
A, B (i.e. 3 = AB) and LT is an involutoric transformation harmonic to &, then 
we have (ABI)?= 1. 

4. If A, B, C, A’, B’, C’ are six points of a line, the involutions A, B, T, 
such that [(4 A’) = B’B, A(BB’) = C’C, B(CC’) = AA, are all harmonic to 
the same projectivity. Show that if the six points are taken on a conic, this 
proposition is equivalent to Pascal’s theorem (Theorem 3, Chap. V). 

5. The set of involutions of a one-dimensional form which are harmonic 
to a given nonparabolic projectivity form a pencil. Hence, if an involution 
with double points is harmonic to a projectivity with two double points, the 
two pairs of double points form a harmonic set. 

6. Let O be a fixed point of a line /, and let C be called the mid-point of a 
pair of points A, B, provided that C is the harmonic conjugate of O with 
respect to A and B. If A, B, C, A’, B’, C’are any six points of J distinct 
from O, and AB’ haye the same mid-point as A’B, and BC’ have the same 
mid-point as B’C, then C'A’ will have the same mid-point as C’A. 
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7. Any two involutions of the same one-dimensional form determine a 
pencil of involutions. Given two involutions A, B and a point M, show how 
to construct the other double point of that involution of the pencil of which 
one double point is AZ. 

8. The involutions of conjugate points on a line / with regard to the conics 
of any pencil of conics in a plane with / form a pencil of involutions. 

9. If two nonparabolic projectivities are commutative, the involutions 
belonging to them coincide, unless both projectivities are involutions, in which 
case the involutions may be harmonic. 

10. If [II] is the set of projectivities to which belongs an involution I and 
A and # are two given points, then we have [II(A)] x LH (4)]- 

11. A conic through two of the four common points of a pencil of conics 
of Type J meets the conics of the pencil in pairs of an involution. Extend 
this theorem to the other types of pencils of conics. Dualize. 

12. The pairs of second points of intersection of the opposite sides of a 
complete quadrangle with a conic circumscribed to its diagonal triangle are in 
involution (Sturm, Die Lehre yon den Geometrischen Verwandtschaften, 
Vol. I, p. 149). 


81. Scale on a conic. The notions of a point algebra and a scale 
which we have developed hitherto only for the elements of one- 
dimensional primitive forms may also be studied to advantage on a 
conic. The constructions for the sum and the product of two points 
(numbers) on a conic are remarkably simple. As in the case on the 
line, let 0, 1, «© be any three arbitrary distinct points on a conic C’. 
Regarding these as the fundamental points of our scale on the conic, 
the sum and the product of any two points a, y on the conic (which 
are distinct from o) are defined as follows: 

DEFINITION. The conjugate of 0 in the involution on the conic 
having oo for a double point and a, y for a conjugate pair is called 
the swm of the two points a, y and is denoted by «+ y (fig. 94, left). 
The conjugate of 1 in the involution determined on the conic by the 
conjugate pairs 0, o and a, y is called the product of the points 2, 
y and is denoted by x.y (fig. 94, right). 

It will be noted that under Assumption P this definition is entirely 
equivalent to the definitions of the sum and product of two points on 
a line, previously given (Chap. VI). To construct the point x+y on 
the conic (fig. 94), we need only determine the center of the involution 
in question as the intersection of the tangent at co with the line joining 
the points 2, y. The point «+ y is then determined as the intersection 
with the conic of the line joining the center to the point 0. Similarly, 


bys) 
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to obtain the product of the points #, y we determine the center of the 
involution as the intersection of the lines 0c and wy. The point z-y 
is then the intersection with the conic of the line joining this center to 





the point 1. The inverse operations (subtraction and division) lead to 
equally simple constructions. Since the scale thus defined is obviously 
projective with the scale on a line, it is not necessary to derive again 
the fundamental properties of addition and subtraction, multiplication 
and division. It is clear from this consideration that the points of a 
conic form a field with reference to the operations just defined. This 
fact will be found of use in the analytic treatment of conics. 

At this point we will make use of it to discuss the existence of the 
square root of a number in the field of points. It is clear from the 

x 
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preceding discussion that if a number w satisfies the equation 2? = a, 
the tangent to the conic at the point 2 must pass through the inter- 
section of the lines 0co and la (fig. 95). A number a will therefore 
have a square root in the field if and only if a tangent can be drawn te 
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the conic from the intersection of the lines No and 1a; and, conversely, 
of the number a has a square root in the field, a tangent can be drawn 
to the conic from this point of intersection. It follows at once that if 
a number a has a square root , it also has another which is obtained 
by drawing the second tangent to the conic from the point of inter- 
section of the lines 0~ and la. Since this tangent meets the conic 
in a point which is the harmonic conjugate of z with respect to 0c, 
it follows that this second square root is —z. It follows also from 
this construction that the point 1 has the two square roots 1 and — 1 
in any field in which 1 and — 1 are distinct, i.e. whenever H, is satisfied. 

We may use these considerations to derive the following theorem, 
which will be used later. 

THEOREM 24. If AA’, BB' are any two distinct pairs of an involu- 
tion, there exists one and only one pair CC! distinct from BB! such 
that the cross ratios 
B(AA', BB) and 
B(Ad4', CC’) are 
equal. 

Proof. Let the 
involution be taken 
on a conic, and let 
the pairs AA’ and 
BB' be represented 
by the points 0c 
and 1a respectively (fig. 96). Let wx’ be any other pair of the invo- 
lution. We then have, clearly from the above, vz!=a. Further, the 
cross ratios in question give 


B(0z0, La) ==) B(0co, aa!) = 5. 
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These are equal, if and only if x’ = az, or if vz! = az. But this implies 
the relation a = az, and since we have a+ 0, this gives a” =1. The 
only pair of the involution satisfying the conditions of the theorem 
is therefore the pair CC'=—1, —a. 


EXERCISES 


1. Show that an involution which has two harmonic conjugate pairs has 
double points if and only if —1 has a square root in the field. 
2. Show that any involution may be represented by the equation 2’x = a. 
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3. The equation of Ex. 13, p. 230, is the condition that the lines joining 
the three pairs of points aa’, bb’, ec’ on a conic are concurrent. 

4. Show that if the involution 2’x =a has a conjugate pair l/’ such that 
the cross ratio K (0x, bb’) has the value A, the number aA has a square root 
in the field. 


82. Parametric representation of a conic. Let a scale be established 
on a conic C? by choosing three distinct points of the conic as the 
fundamental points, say, O= 0, M= 0, A=1. Then let us establish 
a system of nonhomogeneous point coordinates in the plane of the 
conic as follows: Let 
the line OM be the z- 
axis, with O as origin 
and M as o, (fig. 97). 
Let the tangents at O 
and M to the conic 
meet in a point NV, and 
let the tangent ON be 
the y-axis, with WN as 
o, Finally, let the 
point A be the point 
(1, 1), so that the line 
AN meets the z-axis 
in the point for which 
z=1, and AM meets 
the y-axis in the point for which y=1. Now let P=X be any point 
on the conic. The codrdinates (x, y) of P are determined by the 
intersections of the lines PN and PM with the x-axis and the y-axis 
respectively. We have at once the relation 





y=A, 
since the points 0, oo, 1, on the conic are perspective from MM with 
points 0,0, 1,y on the y-axis. To determine z in terms of X, we note, 
first, that from the constructions given, any line through V meets the 
conic (if at all) in two points whose sum in the scale is 0. In par- 
ticular, the points 1,—1 on the conic are collinear with NV and the 
point 1 on the #-axis, and the points A, — > on the conic are collinear 
with Vand the point x on the a-axis. Since the latter point is also 
on the line joining 0 and o on the conic, the construction for multi- 
plication on the conic shows that any line through the point 2 on 
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the x-axis meets the conic (if at all) in two points whose product is 
constant, and hence equal to — X*. The line joining the point on the 
x-axis to the point —1 on the conic therefore meets the conic again in 
the point >”. But now we have 0, «, 1, ’ on the conic perspective 
from the point —1 on the conic with the points 0, o, 1, # on the 
x-axis. This gives the relation 
Cain, 

We may now readily express these relations in homogeneous form. 
If the triangle OMN is taken as triangle of reference, ON being 
“2, = 0, OM being z,= 0, and the point A being the point (1, 1, 1), 
we pass from the nonhomogeneous to the homogeneous by simply 
placing «=2,/x,, y=2,/x,. The points of the conic C? may then 
be represented by the relations 

(1) itt SATS Ast Ls 
This agrees with our preceding results, since the elimination of » 
between these equations gives at once 

Le — £,2,= 0, 
which we have previously obtained as the equation of the conic. 

It is to be noted that the point J on the conic, which corresponds 
to the value X = o, is exceptional in this equation. This exceptional 
character is readily removed by writing the parameter \ homogene- 
ously X=A,:A,. Equations (1) then readily give 

THEOREM 25. A conic may be represented analytically by the equa- 
ONS Th 5 Ht A, A Agi Ap 


This is called a parametric representation of a conte. 


EXERCISES 


1. Show that the equation of the line joining two points dj, A, on the conic 
(1) above is x, — (A, + Ay) tg + AWAQ7; = 0; and that the equation of the tan- 
gent to the conic at a point A, is 7, — 2Ayr, + AYz, = 0. Dualize. 

2. Show that any collineation leaving the conic (1) invariant is of the form 
a{:2$:2% = ax, + 2aBr, + Bex, : ay, + (ad + By) x, + B8x, :-y7x1 + 2 ydx. + Ox. 
(Hint. Use the parametric representation of the conic and let the projectivity 
generated on the conic by the collineation be Ay = aA, + BA, Ag = yAr + OAQ-) 


CHAPTER IX 
GEOMETRIC CONSTRUCTIONS. INVARIANTS 


83. The degree of a geometric problem. The specification of a line 
by two of its points may be regarded as a geometric operation.* The 
plane dual of this operation is the specification of a point by two 
lines. In space we have hitherto made use of the following geometric 
operations: the specification of a line by two planes (this is the 
space dual of the first operation mentioned above) ; the specification 
of a plane by two intersecting lines (the space dual of the second 
operation above) ; the specification of a plane by three of its points 
or by a point and a line; the specification of a point by three planes 
or by a plane and a line. These operations are known as linear 
operations or operations of the first degree, and the elements deter- 
mined by them from a set of given elements are said to be obtained 
by linear constructions, or by constructions of the first degree. The 
reason for this terminology is found in the corresponding analytic 
formulations. Indeed, it is at once clear that each of the two linear 
operations in a plane corresponds analytically to the solution of a 
pair of linear equations; and the linear operations in space clearly 
correspond to the solution of systems of three equations, each of the 
first degree. Any problem which can be solved by a finite sequence 
of linear constructions is said to be a linear problem or a problem 
of the first degree. Any such problem has, if determinate, one and 
only one solution. 

In the usual representation of the ordinary real projective geometry in a 
plane by means of points and lines drawn, let us say, with a pencil on a sheet 


of paper, the linear constructions are evidently those that can be carried 
out by the use of a straightedge alone. There is no familiar mechanical 


* An operation on one or more elements is defined as a correspondence whereby 
to the set of given elements corresponds an element of some sort (cf. § 48). If the 
latter element is uniquely defined by the set of given elements (in general, the order 
of the given elements is an essential factor of this determination), the operation is 
said to be one-valued. The operation referred to in the text is then a one-valued 
operation defined for any two distinct points and associating with any such pair 
(the order of the points is in this case immaterial) a new element, viz. a line. 
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device for drawing lines and planes in space. But a picture (which is the 
section by a plane of a projection from a point) of the lines and points of 
intersection of linearly constructed planes may be constructed with a straight- 
edge (cf. the definition of a plane). 


As examples of linear problems we mention: (a) the determination 
of the point homologous with a given point in a projectivity on a 
line of which three pairs of homologous points are given; (0) the 
determination of the sixth point of a quadrangular set of which five 
points are given; (c) the determination of the second double point 
of a projectivity on a line of which one double point and two pairs of 
homologous points are given (this is equivalent to (b)); (d) the deter- 
mination of the second point of intersection of a line with a conic, one 
point of intersection and four other points of the conic being given, etc. 

The analytic relations existing between geometric elements offer 
a convenient means of classifying geometric problems.* Confining 
ourselves, for the sake of brevity, to problems in a plane, a geometric 
problem consists in constructing certain points, lines, etc., which bear 
given relations to a certain set of points, lines, ete, which are sup- 
posed given in advance. In fact, we may suppose that the elements 
sought are points only ; for if a line is to be determined, it is sufficient 
to determine two points of this line; or if a conic is sought, it is suffi- 
cient to determine five points of this conic, etc. Similar considera- 
tions may also be applied to the given elements of the problem, 
to the effect that we may assume these given elements all to be 
points. This merely involves replacing any given elements that are 
not points by certain sets of points having the property of uniquely 
determining these elements. Confining our discussion to problems in 
which this is possible, any geometric problem may be reduced to 
one or more problems of the following form: Given in a plane a 
certain finite number of points, to construct a point which shall bear 
to the given points certain given relations. 

In the analytic formulation of such a problem the given points 
are supposed to be determined by their coordinates (homogeneous or 
nonhomogeneous), referred to a certain frame of reference. The ver- 
tices of this franie of reference are either points contained among the 
given points, or some or all of them are additional points which we 


* The remainder of this section follows closely the discussion given in Castel. 
nuovo, Lezioni di geometria, Rome-Milan, Vol. I (1904), pp. 467 ff. 
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suppose added to the given points. The set of all given points then 
gives rise to a certain set of codrdinates, which we will denote by 
1, a, b, c,---,* and which are supposed known. These numbers to- 
gether with all numbers obtainable from them by a finite number of 
rational operations constitute a set of numbers, 


Kee [Ly a0, epee >], 


which we will call the domain of rationality defined by the data.t In 
addition to the codrdinates of the known points (which, for the sake 
of simplicity, we will suppose given in nonhomogeneous form), the 
codrdinates (x, y) of the point sought must be considered. The con- 
ditions of the problem then lead to certain analytic relations which 
these codrdinates z, y and a, b,c --- must satisfy. Eliminating one 
of the variables, say y, we obtain two equations, 


fF, ()=9, file y) =9, 
the first containing « but not y; the second, in general, containing 
both w and y. The problem is thus replaced by two problems: the 
first depending on the solution of /,(z)=0 to determine the abscissa 
of the unknown point; the second to determine the ordinate, assum- 
ing the abscissa to be known. 

In view of this fact we may confine ourselves to the discussion of 
problems depending on a single equation with one unknown. Such 
problems may be classified according to the equation to which they 
give rise. A problem is said to be algebraic if the equation on which 
its solution depends is algebraic, i.e. if this equation can be put in 
the form 

(1) a" + a,0"-'+a,0°-?+.--+a,=0, 


in which the coefficients @,, @,, +--+, @, are numbers of the domain of 
rationality defined by the data. Any problem which is not algebraic 
is said to be transcendental. Algebraic problems (which alone will 
be considered) may in turn be classified according to the degree n of 


* In case homogeneous coérdinates are used, a, b, c, --» denote the mutual ratios 
of the codrdinates of the given elements. 

+ A moment's consideration will show that the points whose coérdinates are 
numbers of this domain are the points obtainable from the data by linear construc- 
tions, Geometrically, any domain of rationality on a line may be defined as any 
class of points on a line which is closed under harmonic constructions; i.e. such 
that if A, B, C are any three points of the class, the harmonic conjugate of A with 
respect to B and C is a point of the class, 
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the equation on which their solutions depend. We have thus problems 
of the first degree (already referred to), depending merely on the solution 
of an equation of the first degree; problems of the second degree, 
depending on the solution of an equation of the second degree, ete. 

Account must however be taken of the fact that equation (1) 
may be reducible within the domain K; in other words, that the left 
member of this equation may be the product of two or more poly- 
nomials whose coefficients are numbers of K. In fact, let us suppose, 
for example, that this equation may be written in the form 

,() - $.(x) = 9, 
where ¢,, ¢, are two polynomials of the kind indicated, and of degrees 
n, and n, respectively (n,-+”,=%). Equation (1) is then equivalent 
to the two equations 
$,(%) =9, $,(x) = 0. 

Then either it happens that one of these two equations, e.g. the first, 
furnishes all the solutions of the given problem, in which case ¢, being 
assumed irreducible in K, the problem is not of degree n, but of degree 
n,<; or, both equations furnish solutions of the problem, in which 
case d, also being assumed irreducible in K, the problem reduces to 
two problems, one of degree n, and one of degree n,. In speaking of 
a problem of the nth degree we will therefore always assume that 
the associated equation of degree n is irreducible in the domain of 
rationality defined by the data. Moreover, we have tacitly assumed 
throughout this discussion that equation (1) has a root; we shall see 
presently that this assumption can always be satisfied by the intro- 
duction, if necessary, of so-called improper elements. It is important 
to note, however, since our Assumptions A, E, P do not in any way 
limit the field of numbers to which the coordinates of all elements 
of our space belong, and since equations of degree greater than one 
do not always have a root in a given field when the coefficients of 
the equation belong to this field, there exist spaces in which problems 
of degree higher than the first may have no solutions. Thus in the 
ordinary real projective geometry a problem of the second degree 
will have a (real) solution only if the quadratic equation on which 
it depends has a (real) root. 

The example of a problem of the second degree given in the next 
section will serve to illustrate the general discussion given above, 
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84. The intersection of a given line with a given conic. Given a 
conic defined, let us say, by three points A, B, C and the tangents at 
Aand B; to find the points of intersection of a given line with this 
conic. Using nonhomogeneous codrdinates and choosing as z-axis one 
of the given tangents to the conic, as y-axis the line joining the points 
Aand B, and as the point (1, 1) the point C, the equation of the conic 
may be assumed to be of the form 


a —y=0. 
The equation of the given line may then be assumed to be of the form 
y= pe + 9* 
The domain of rationality defined by the data is in this case 
K=[1, p, 9]. 
The elimination of y between the two equations above then leads to 
the equation 
(1) x“ — px—gq=0. 
This equation is not in general reducible in the domain K. The 
problem of determining the points of intersection of an arbitrary line 
in a plane with a given conic in this plane is then a problem of the 
second degree. If equation (1) has a root in the field of the geometry, it 
is clear that this root gives rise to a solution of the problem proposed ; 
if this equation has no root in the field, the problem has no solution. 
If, on the other hand, one point of intersection of the line with the 
conic is given, so that one root of equation (1), say z=7, is known, 
the domain given by the data is 


K'=[1, p, g, 1); 


and in this domain (1) is reducible; in fact, it is equivalent to the 
equation 

(c-+r—p) («—r)=0. 
The problem of finding the remaining point of intersection then 
depends merely on the solution of the linear equation 


e+r—p=0; 


* There is no loss in generality in assuming this form; for if in the choice of 
codrdinates the equation of the given line were of the form z = c, we should merely 
have to choose the other tangent as @-axis to bring the problem into the form here 
assumed, 
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that is, the problem is of the first degree, as already noted among 
the examples of linear problems. 

It is important to note that equation (1) is the most general form 
of equation of the second degree. It follows that every problem of the 
second degree in a plane can be reduced to the construction of the points 
of intersection of an arbitrary line with a particular conic. We 
shall return to this later (§ 86). 

85. Improper elements. Proposition K,. We have called attention 
frequently to the fact that the nature of the field of points on a line 
is not completely determined by Assumptions A, E, P, under which 
we are working. We have seen in particular that this field may be 
finite or infinite. The example of an analytic space discussed in the 
Introduction shows that the theory thus far developed applies equally 
well whether we assume the field of points on a line to consist of all 
the ordinary rational numbers, or of all the ordinary real numbers, 
or of all the ordinary complex numbers. According to which of these 
cases we assume, our space may be said to be the ordinary rational 
space, or the ordinary real space, or the ordinary complex space. 
Now, in the latter we know that every number has a square root. 
Moreover, each of the former spaces (the rational and the real) are 
clearly contained in the complex space as subspaces. Suppose now 
that our space S is one in which not every number has a square 
root. In such a case it is often convenient to be able to think of our 
space S as forming a subspace in a more extensive space S’, in which 
some or all of these numbers do have square roots. 

We have seen that the ordinary rational and ordinary real spaces 
are such that they may be regarded as subspaces of a more exten- 
sive space in the number system associated with which the square 
root of any number always exists. In fact, they may be regarded as 
subspaces of the ordinary complex space which has this property. 
For a general field it is easy to prove that 7 a,, @,,---, a, are any 
Jinite set of elements of a field F, there exists a field F’, containing 
all the elements of F, swch that each of the elements a,, A, +++, a, 18 @ 
square in F'. This is, of course, less general than the theorem that 
a field F’ exists in which every element of F is a square, but it is 
sufficiently general for many geometric purposes. In the presence of 
Assumptions A, E, P, H, it is equivalent (cf. § 54) to the following 
statement : 
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Proposition K,. If any finite number of involutions are given im 
a space S satisfying Assumptions A, E, P, there exists a space Dt Of 
which S is a subspace,* such that all the given trvolutions have 
double points in S', 

A proof of this theorem will be found at the end of the chapter. 
The proposition is, from the analytic point of view, that the domain 
of rationality determined by a quadratic problem may be extended so 
as to include solutions of that problem. The space S’ may be called 
an extended space. The elements of S may be called proper elements, 
and those of S’ which are not in S may be called improper. A projec- 
tive transformation which changes every proper element into a proper 
element is likewise a proper transformation; one which transforms 
proper elements into improper elements, on the other hand, is called 
an improper transformation. Taking Proposition K, for the present as 
an assumption like A, E, P, and H,, and noting that it is consistent 
with these other assumptions because they are all satisfied by the ordi- 
nary complex space, we proceed to derive some of its consequences. 

THEOREM 1. A proper one-dimensional projectivity without proper 
double elements may always be regarded in an extended space as 
having two improper double clements. (A, E, P, H,, K,)t 

Proof. Suppose the projectivity given on a conic. If the involu- 
tion which belongs to this projectivity had two proper double points, 
they would be the intersections of the axis of the projectivity with 
the conic, and hence the given projectivity would have proper double 
points. Let S’ be the extended space in which (K,) the involution 
has double points. There are then two points of S’ in which the 
axis of the projectivity meets the conic, and these are, by Theorem 20, 
Chap. VIII, the double points of the given projectivity. 


Corotiary 1. Jf a line does not meet a conic in proper points, it 
may be regarded in an extended space as meeting it in two improper 
points. (A, E, P, H,, K,) 

CoroLLARy 2. Every quadratic equation with proper coefficients has 
two roots which, if distinct, are both proper or both improper. (A, E, 
Bet eke 

* We use the word subspace to mean any space, every point of which is a point 
of the space of which it is a subspace. *With this understanding the subspace may 


be identical with the space of which it is a subspace. The ordinary complex space 
then satisfies Proposition Kg, + Cf. Ex., p. 261. 
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For the double points of any projectivity satisfy an equation of 
the form ex” + (d — a) x —b = 0 (Theorem 11, Cor. 4, Chap. VI), and 
any quadratic equation may be put into this form. 


THEOREM 2. Any two involutions in the same one-dimensional form 
have a conjugate pair in common, which may be proper or improper. 


(CA ig eal 
This follows at once from the preceding and Theorem 23, Chap. VIII. 


COROLLARY. Jn any involution there exists a conjugate pair, proper 
or improper, which is harmonic with any given conjugate pair. (A 


E, P, H,, K,) 


> 


For the involution which has the given pair for double elements 
has (by the theorem) a pair, proper or improper, in common with the 
given involution. The latter pair satisfies the condition of the theorem 
(Theorem 27, Cor. 1, Chap. IV). 

We have seen earlier (Theorem 4, Cor., Chap. VIII) that any two 
involutions with double points are conjugate. Under Proposition K, 
we may remove the restriction and say that any two involutions are 
conjugate in an extended space dependent on the two involutions, If 
the involutions are on coplanar lines, we have the following : 


THEOREM 3. Two involutions on distinct lines in the same plane 
are perspective (the center of perspectivity being proper or improper), 
provided the point of intersection of the lines is a double point for 
both or for neither of the involutions. (A, E, P, K,) 


Proof. Vf the point of intersection O of the two lines be a double 
point of each of the involutions, let Q and # be an arbitrary pair 
of one involution and Q/ and A! an arbitrary pair of the other involu- 
tion. The point of intersection of the lines QQ! and RA’ is then a 
center of a perspectivity which transforms elements which determine 
the first involution into elements which determine the second. If 
the point O is a double point of neither of the two involutions, let 
M be a double point of one and ™’ of the other (these double points 
are proper or else exist in an extended space S’ which exists by 
Proposition K,). Also let Nand N’ be the conjugates of O in the two 
involutions. Then by the same argument as before, the point of 
intersection of the lines MM’, NN’ may be taken as the center of 
the perspectivity. 


244 GEOMETRIC CONSTRUCTIONS [Cuap. IX 


It was proved in § 66, Chap. VII, that the equation of any point 
conic is of the form 


2 2 2 : Se 
(1) 4,2, + Aye®e + Ug,%q + 2 Ayyl,L, + 2 A130 Xs +2 Dg h aU, = 0 ? 


but it was not shown that every equation of this form represents a 
conic. The line z,=0 contains the point (0, z,, %,) satisfying (1), 
provided the ratio w,:#, satisfies the quadratic equation 


2 a 
Ante + 2 A,.0,L, + 1,7, = 0. 


Similarly, the lines ~,=0 and «= 0 contain points of the locus 
defined by (1), provided two other quadratic equations are satisfied. 
By Proposition K, there exists an extended space in which these 
three quadratic equations are solvable. Hence (1) is satisfied by the 
coordinates of at least two distinct points P, Y (proper or improper).* 

A linear transformation 


pay == b,,2, T; bi .%, +5 b, 52s 


(2) pes a by), Je bao, a5 by. 
px, = bg, + O5,@, + Og4X, 

evidently transforms the points satisfying (1) into points satisfying 
another equation of the second degree. If, then, (2) is so chosen as 
to transform P and Q into the points (0, 0, 1) and (0, 1, 0) respec- 
tively, (1) will be transformed into an equation which is satisfied by 
the latter pair of points, and which is therefore of the form 

(3) aay Ae CLL, at Cy Xs “Ee C30, = 0. 
If c, = 0, the points satisfying (3) lie on the two lines 

e,=0, an,+¢,2,+¢,0,=90; 

and hence (1) is satisfied by the points on the lines into which these 


lines are transformed by the inverse of (2). If c,# 0, the trans- 
formation 


ve, = 
‘ ae 
(4 he ' 
) 2=—-24+%, 
Cy 
x, = xf 
8 8 


ie Proposition Kz has been used merely to establish the existence of points satis- 
fying (1). In case there are proper points satisfying (1), the whole argument can be 
made without Kg. 
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transforms the points (#,, 2, ,) satisfying (3) into points (x, «,!, x/) 
satisfying 

(5) (aS) oP + (ea + ege)) nf =O. 

i 
But (5) is in the form which was proved in Theorem 7, Chap. VII, 
to be the equation of a conic. As the points which satisfy (5) are 
transformed by the inverse of the product of the collineations (2) and 
(4) into points which satisfy (1), we see that in all cases (1) repre- 
sents a point conic (proper or improper, degenerate or nondegenerate). 

This gives rise to the two following dual theorems : 

THEOREM 4, Hvery equation of the form 

Ay 2 ae UnoLe ap AsgXs +2 My 9% Xs +2 Ay 3% Xs +2 U3 L, = 0 
represents a point conie (proper or improper) which may, however, 
degenerate ; and, conversely, every point conic may be represented by 
an equation of this form. (A, E, P, H,, K,) 

THEOREM 4', Hvery equation of the form 

A, uj + Anu? + Aggtts + 2A,,u,U, + 2A, i, + 2A, = 0 
represents a line conic (proper or improper) which may, however, de- 
generate; and, conversely, every line conic may be represented by an 
equation of this form. (A, E, P, H,, K,) 

86. Problems of the second degree. We have seen in § 83 that 
any problem of the first degree can be solved completely by means 
of linear constructions ; but that a problem of degree higher than the 
first cannot be solved by linear constructions alone. In regard to 
problems of the second degree in a plane, however, it was seen in 
§ 84 that any such problem may be reduced to the problem of find- 
ing the points of intersection of an arbitrary line in the plane with 
a particular conic in the plane. This result we may state in the 
following form: 

THEOREM 5. Any problem of the second degree in a plane may be 
solved by linear constructions if the intersections of every line in the 
plane with a single conic in this plane are assumed known. (A, E, 
cS He. K,) 

In the usual representation of the projective geometry of a real plane by 
means of points, lines, etc., drawn with a pencil, say, on a sheet of paper, the 


linear constructions, as has already been noted, are those that can be per- 
formed with the use of a straightedge alone. It will be shown later that any 
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conic in the real geometry is equivalent projectively to a circle. The instru- 
ment usually employed to draw circles is the compass. It is then clear that 
in this representation any problem of the second degree can be solved by means of 
a straightedge and compass alone. The theorem just stated, however, shows that 
if a single circle is drawn once for all in the plane, the straightedge alone 
suffices for the solution of any problem of the second degree in this plane. 
The discussion immediately following serves to indicate briefly how this may 
be accomplished. 


We proceed to show how this theorem may be used in the solution 
of problems of the second degree. Any such problem may be reduced 
more or less readily to the first of the following : 

ProsiEM 1. To find the double points of a projectivity on a line of 
which three pairs of homologous points are given. We may assume 





Fig. 98 


that the given pairs of homologous points all consist of distinct points 
(otherwise the problem is linear). In accordance with Theorem 5, 
we suppose given a conic (in a plane with the line) and assume 
known the intersections of any line of the plane with this conic. Let 
O be any point of the given conic, and with O as center project the 
given pairs of homologous points on the conie (fig. 98). These define 
a projectivity on the conic. Construct the axis of this projectivity 
and let it meet the conic in the points P,Q. The lines OP, OQ then 
meet the given line in the required double points. 

ProsLeM 2. To find the points of intersection of a given line with 
a conic of which five points are given. Let A, B, C, D, E be the given 
points of the conic. The conic is then defined by the projectivity 
D(A, B, C)x F(A, B, C) between the pencils of lines at D and Z. 
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This projectivity gives rise to a projectivity on the given line of 
which three pairs of homologous points are known. The double 
points of the latter projectivity are the points of intersection of the 
line with the conic. The problem is thus reduced to Problem 1. 
PROBLEM 3. We have seen that it is possible for two triangles in 
a plane to be perspective from four different centers (cf. Ex. 8, p. 105). 
The maximum number of ways in which it is conceivable that two 
triangles may be perspective is clearly equal to the number of per- 
mutations of three things three at a time, ie. six. The question then 
arises, Is 2¢ possible to construct two triangles that are perspective from 
six different centers? Let the two triangles be ABC and A'B’C’, and let 


,=0, 2,=0, «,=0 


be the sides of the first opposite to A, B, C respectively. Let the 
sides of the second opposite to 4’, B’, C’ respectively be 


Ea == Op a, he, has 0, a Va la = 0, 


The condition for ABC — A'B'C' is that the points of intersection of 


corresponding sides be collinear, i.e. 














OF lear 
(1) —k' 0 1 |j=k'~—T=0. 
—/' 1 0 
In like manner, the condition for BCA = A'B'C is 
0 pi qi! l' 
(2) —1 0 Lier —T= 0. 
eae bini.0 
From these two conditions follows 
0 a kl k! 
—J" 0 Ll kl" — k=), 
Lire T 0) 








which is the condition for CAB — A'B'C'. Hence, if two triangles are 
in the relations ABC = A'BIC! and BCA = A'B'C'”, they are also in 
the relation CAB ~ A'B'C'. Two triangles in this relation are said to 
be triply perspective (cf. Ex. 2, p. 100). The domain of rationality 
defined by the data of our problem is clearly 

K =[1]. 
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Since numbers in this domain may be found which satisfy equations 
(1) and (2), the problem of constructing two triply perspective tri- 
angles is linear. 

The condition for 4CB — A'B'C" is 


(3) ki —U"=0. 


If relations (1), (2), and (3) are satisfied, the triangles will be per- 
spective from four centers. Let & be the common value of #’ and 1” 
(3), and let 7 be the common value of /’ and #” (1). Relation (2) then 
gives the condition k”>—1=0. The relations 


K=l"=k, l=k'=F 


then define two quadruply perspective triangles. The problem of 
constructing two such triangles is therefore still linear. 

If now we add the condition for CBA — A'B'C'”, the two triangles 
will, by what precedes, be perspective from six different centers. The 


latter condition is 
(4) kl! — I" = 0. 


With the preceding conditions (1), (2), (3) and the notation adopted 
above, this leads to the condition 


B=? =1. 


The equation k*—1=0 is, however, reducible in K; indeed, it is 
equivalent to 

k-1=0, #+k+1=0. 
The first of these equations leads to the condition that 4’, B’, C’ are 
collinear, and does not therefore give a solution of the problem. The 
problem of constructing two triangles that are sextuply perspective 
is therefore of the second degree. The equation 


M+k+1=0 


has two roots w, w* (proper or improper and, in general,* distinct). 
Hence our problem has two solutions. One of these consists of the 
triangles 
“,=0, 2=0, 2,=0; 
+%+2#,=0, 2, +w27,+wa,=0, #,+ wa,+ wa, = 0. 


* They can coincide only if the number system is such that 1+1+1=0; e.g. in 
a finite space involving the modulus 8. 
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Two of the sides of the second triangle may be improper.* The 
points of intersection of the sides of one of these triangles with the 
sides of the other are the following nine points: 


(Se OPW ml ere (70,8 wis —-2)1 28( OF 0, 220") 
(Oyen em we ln(— ice, 18 le (ay, 0 
(Nk Mike pee Seabee, at ots >) 


They form a configuration 


9 4 
3 12 


which contains four configurations 


9 
on 9 


of the kind studied in § 36, Chap. IV. All triples of points in the 
same row or column or term of the determinant expansion of their 
matrix are collinear.t If one line is omitted from a finite plane (in 
the sense of § 72, Chap. VII) having four points on each line, the 
remaining nine points and twelve lines are isomorphic with this 
configuration. 


EXERCISES 


The problems in a plane given below that are of the second degree are to be solved 
by linear constructions, with the assumption that the points of intersection of any line 
in the plane with a given fixed conic in the plane are known; i.e. ‘*with a straight- 
edge and a given circle in the plane.” 


1. Construct the points of intersection of a given line with a conic deter- 
mined by (i) four points and a tangent through one of them ; (ii) three points 
and the tangents through two of them ; (iii) five tangents. 

2. Construct the conjugate pair common to two involutions on a line. 

3. Given a conic determined by five points, construct a triangle inscribed 
in this conic whose sides pass through three given points of the plane. 


* It may be noted that in the ordinary real geometry two sides of the second 
triangle are necessarily improper, so that in this geometry our problem has no 
real solution. 

t They all lie on any cubic curve of the form xf + x} + 2f + 3dxi2e%3 = 0 for 
any value of \, and are, in fact, the points of inflexion of the cubic. This configura- 
tion forms the point of departure for a variety of investigations leading into many 
different branches of mathematics. 
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4. Given a triangle A,B,C, inscribed in a triangle A,B,C,. In how 
many ways can a triangle A,B,C, be inscribed in A,B,C, and circumscribed 
to 4,B,C,? Show that in one case, in which one vertex of A,B,C, may be 
chosen arbitrarily, the problem is linear (cf. § 36, Chap. IV); and that in 
another case the problem is quadratic. Show that this problem gives all con- 


9 3 
3 


S. Kantor, Sitzungsberichte der mathematisch-naturwissenschaftlichen Classe 
der Kaiserlichen Akademie der Wissenschaften zu Wien, Vol. LXXXIV 
(1881), p. 915). 

5. If opposite vertices of a simple plane hexagon P;P,P,P,P,P, are on 
three concurrent lines, and the lines P,P,, P,P,, P;P, are concurrent, then the 
lines P,P,, P,P;, P,P; are also concurrent, and the figure thus formed is a 
configuration of Pappus. 

6. Show how to construct a simple n-point inscribed in a given simple 
n-point and circumscribed to another given simple n-point. 

7. Show how to inscribe in a given conic a simple n-point whose sides 
pass respectively through n given points. 

8. Construct a conic through four points and tangent to a line not meeting 
any of the four points. 

9. Construct a conic through three points and tangent to two lines not 
meeting any of the points. 

10. Construct a conic through four given points and meeting a given line 
in two points harmonic with two given points on the line. 

11. If A isa given point of a conic and X, Y are two variable points of the 
conic such that AX, AY always pass through a conjugate pair of a given 
involution on a line J, the line XY will always pass through a fixed point B. 
The line AB and the tangent to the conic at A pass through a conjugate pair 
of the given involution. 

12. Given a collineation in a plane and a line which does not contain a 
fixed point of the collineation ; show that there is one and only one point on 
the line which is transformed by the collineation into another point on the line. 

13. Given four skew lines, show that there are in general two lines which 
meet each of the given four lines ; and that if there are three such lines, there 
is one through every point on one of the lines. 

14. Given in a plane two systems of five points A,4,4,4,4, and 
B,BB,B,B,; given also a point X in the plane, determine a point Y such 
that we have X (4,4,4,4,A,) x Y (B,B,B,B,B,). In general, there is one 
and only one such point Y. Under what condition is there more than one ? 
(R. Sturm, Mathematische Annalen, Vol. I (1869), p. 533.*) 


figurations of the symbol Give the constructions for all cases (cf. 


* This is a special case of the so-called problem of projectivity. For references 
and a systematic treatment see Sturm, Die Lehre von den geometrischen Ver- 
wandtschaften, Vol. I, p. 348. 
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87. Invariants of linear and quadratic binary forms. An expres- 
sion of the form a,x, + a,”, is called a linear binary form in the 
two variables «,, x, The word linear refers to the degree in the 
variables, the word binary to the number (two) of the variables. A 
convenient notation for such a form is a,. The equation 

,= 4,0,+ 4,0,= 0 

defines a unique element A of a one-dimensional form in which a 
scale has been established, viz. the element whose homogeneous co- 
ordinates are (%,, 7) =(a,, —a,). If 6, = b,x, + b,x, is another linear 
binary form determining the element B, say, the question arises 
as to the condition under which the two elements 4 and B coincide. 
This condition is at once obtained as the vanishing of the determinant 
A formed by the coefficients of the two forms; i. the elements A 
and B will coincide if and only if we have 

a, A, 
b, b, 

Now suppose the two elements A and B are subjected to any pro- 
jective transformation II: 

n= ax) + Bx}, 
t= yy + Oxy, 


A= = 0. 








a B 
y 6 
The forms a, and }, will be transformed into two forms a, and b!, 
respectively, which, when equated to 0, define the points 4’, B’ into 
which the points A, B are transformed by II. The coefficients of 
the forms a/,, b!, in terms of those of a,, 6, are readily calculated as 


a’? ~ oy 


# 0. 








follows: t,t, + Agel, = a, (aa, + Barf) + a, (ya! + dxf) 
= (aa, + ya,) v{ + (Ba, + 8a,) xy, 
which gives 
al=aa,+ya,, a= Ba,+ da,. 
Similarly, we find 
bi = ab, + yb, by = Bb, + db,. 


Now it is clear that if the elements 4, B coincide, so also will the 
new elements A’, B’ coincide. If we have A = 0, therefore we should 








! U 
also have A’ = 4 a = 0. That this is the case is readily verified. 
a 2 
We have 
ata | ot 1s Ba,+ da, _|% we (ep 
1 ab, + yb, Bb, + 6b, b, b, | y |’ 
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by a well-known theorem in determinants. This relation may also 
be written 





The determinant A is then a function of the coefficients of the forms 
a,, b,, with the property that, if the two forms are subjected to a lin- 
ear homogeneous transformation of the variables (with nonvanishing 
determinant), the same function of the coefficients of the new forms 
is equal to the function of the coefficients of the old forms multiplied 
by an expression which is a function of the coefficients of the trans- 
formation only. Such a function of the coefficients of two forms is 
called a (simultaneous) invariant of the forms. 

Suppose, now, we form the product a, - 6, of the two forms a,, b,. 
If multiplied out, this product is of the form 


2 2 2 
As = My, 2 + 2 A,,0,0, + A,X). 


Any such form is called a quadratic binary form. Under Proposi- 
tion K, every such form may be factored into two linear factors 
(proper or improper), and hence any such form represents two ele- 
ments (proper or improper) of a one-dimensional form. These two 
elements will coincide, if and only if the discriminant D, = a3,— 
41° 4, Of the quadratic form vanishes. The condition D, = 0 there- 
fore expresses a property which is invariant under any projectivity. 
If, then, the form a? be subjected to a projective transformation, the 
discriminant D,, of the new form a@/ must vanish whenever D, van- 
ishes. There must accordingly be a relation of the form D,,=k- D.. 
If a? be subjected to the transformation II given above, the coefficients 
a 


Gy, 44, 44, of the new form a! are readily found to be 


! 

WD 
ay = Oy” +2 As, + Aaa’, 

(1) Ayy a a,,a8 + Gy, (ad - By) ae Ayo, 
Ay, = 0,,8°+ 2 a,,88 + a,,8*. 


By actual computation the reader may then verify the relation 





+ (1g — M144.) = (a8 — By)?- D,. 


The discriminant D, of a quadratic form a? is therefore called an 
invariant of the form, 
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Suppose, now, we consider two binary quadratic forms 


gee 2 2 
A, = Oy, %) uF 2 My yh Xo aF Woo%o 5 


b= b, a7 + 2 b,,x,0, + b,,02. 


125 1° 


Each of these (under K,) represents a pair of points (proper or im- 
proper). Let us seek the condition that these two pairs be harmonic. 
This property is invariant under projective transformations; we may 
therefore expect the condition sought to be an invariant of the two 
forms. We know that if a,, a, are the nonhomogeneous coordinates 
of the two points represented by a2 =0, we have relations 


with similar relations for the nonhomogeneous codrdinates 6,, b, of 
the points represented by 67 = 0. The two pairs of points a,, a,; 0,, 6, 
will be harmonic if we have (Theorem 13, Cor. 2, Chap. VI) 


d,—b, a,—b, _ 
a,— 6, a, — b, 


—1. 


This relation may readily be changed into the following: 
aa, + b,b,— ¥ (a, + 4,) (6, + b,) = 0, 
which, on substituting from the relations just given, becomes 


Dy, = Gyybag + Gagbiy — 2 Og, = 0. 


11° 22 


This is the condition sought. If we form the same function of the 
coefficients of the two forms a’, b/? obtained from a2, 6? by subjecting 
them to the transformation II, and substitute from equations (1), we 
obtain the relation 
Day = (a8 — By)’: Da 

In the three examples of invariants of binary forms thus far 
obtained, the function of the new coefficients was always equal to 
the function of the old coefficients multiphed by a power of the 
determinant of the transformation. This is a general theorem regard- 
ing invariants to which we shall refer again in § 90, when a formal 
definition of an invariant will be given. Before closing this section, 
however, let us consider briefly the cross ratio B (a,a,, ,b,) of the 
two pairs of points represented by a7=0, b;=0. This cross ratio 
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is entirely unchanged when the two forms are subjected to a pro- 
jective transformation. If, therefore, this cross ratio be calculated in 
terms of the coefficients of the two forms, the resulting function of 
the coefficients must be exactly equal to the same function of the 
coefficients of the forms a/, b/; the power of the determinant referred 
to above is in this case zero. Such an invariant is called an absolute 
invariant ; for purposes of distinction the invariants which when 
transformed are multiplied by a power # 0 of the determinant of 
the transformation are then called relative invariants. 


EXERCISES 


1. Show that the cross ratio RB (a,a,, b,),) referred to at the end of the 
last section is 
Dy HIND,Ds. 


Ri(asa.0\0,)\— ——s 
(arty P12) Dye, 


and hence show, by reference to preceding results, that it is indeed an absolute 
invariant. 

2. Given three pairs of points defined by the three binary quadratic forms 
a2 = 0, 62 =0, c2 = 0; show that the three will be in involution if we have 


G1 U2 U2 


= 0% 


11 942 Og9 
C11 C12 Soe 








Hence show that the above determinant is a simultaneous invariant of the 
three forms (cf. Ex. 13, p. 230). 


88. Proposition K,. If we form the product of » linear binary 
. ++. a"), we obtain an expression of the form 


x 


! 
forms @,-@)+a 


a n n—1 
Ap = AX + NA, XL, 


n(n — 1) ere 
yn—2, ee n—1 n 
+ ee Uh “Ly + + NG, _ 12,Ly~ + 4,29. 


An expression of this form is called a binary homogeneous form or 
quantic of the nth degree. If it is obtained as the product of 7 linear 
forms, it will represent a set of » points on a line (or a set of 7 ele- 
ments of some one-dimensional form). 

If it is of the second degree, we have, by Proposition K,, that there 
exists an extended space in which it represents a pair of points. At 
the end of this chapter there will be proved the following generali- 
zation of K, : 
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Proposition K,. Jf a*, aj,--- are a finite number of binary homo- 
geneous forms whose coefficients are proper in a space S which satisfies 
Assumptions A, E, P, there exists a space S', of which S is a sub- 
space, in the number system of which each of these forms is a product 
of linear factors. 


As in § 85, S! is called an extended space, and elements in S! but 
not in S are called improper elements. Proposition K, thus implies 
that an equation of the form a”? =0 can always be thought of as 
representing ” (distinct or partly coinciding) improper points in an 
extended space in case it does not represent any proper points. 

Proposition K, could be introduced as an (not independent) assump- 
tion in addition to A, E, P, and H,. Its consistency with the other 
assumptions would be shown by the example of the ordinary com- 
plex space in which it is equivalent to the fundamental theorem 
of algebra. 

89. Taylor’s theorem. Polar forms. It is desirable at this point 
to borrow an important theorem from elementary algebra. 

DEFINITION. Given a term Az} of any polynomial, the expression 
nAxz"~* is called the derwative of Ax? with respect to x, in symbols 


i) rie nApe- =, 
0x; 
The derivative of a polynomial with respect to #, is, by definition, the 
sum of the derivatives of its respective terms. 
This definition gives at once AA = 0, if A is independent of 2;. 


t 


Applied to a term of a binary form it gives 


0 
alle Pa See a, ro hae Merri heen, 
1 2 
With this definition it is possible to derive Taylor's theorem for the 
expansion of a polynomial. *We state it for a binary form as follows: 
Given the binary form 


nin —1 a 
flay a) = a2 = ant + na,ep-ta, + OD a, te} 





yn—1 n 


tee NG, _4%,%Q 7 + 4,X5. 


* For the proof of this theorem on the basis of the definition just given, cf. Fine, 
College Algebra, pp. 460-462. 
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If herein we substitute for z,, z, respectively the expressions 7, + Ay, 
x, + AY,, We obtain, 


6 6 
SF (®y + AY sy Bq + Yo) =H (Ly Be) + M(y an, + Ye few ty) 
“5 
2 


r 0 
seeleia.: + Yaa =) Poe 


r” 0 
eth ls Tt Ysa =) P02) 


Here the parentheses are differential operators. Thus 


é To. a On 
(uxt nen) f Urs: Cg fel, 
1 


Le 02,0X, 0%, 














ae 0x,| 0x,0x, 6x 
proved for any term of a polynomial (and Te for the polynomial 
itself) that the value of such a higher derivative as @f/éx,éx, is 
independent of the order of differentiation; ie. that we have 
C jane 
0L,02, ke 02,0, 


2 n2 a a 
where £ means abe |: of means ape af | etc. It is readily 
Hy 








Derinition. The coefficient of X in the above expansion, viz. 
y,0f /0x, + y,0f/ex, is called the jirst polar form of (y,, y.) with 
respect to f (x,, x); the coefficient of X’ is called the second ; the 
coefficient of X” is called the nth polar form of (y,, y,) with respect 
to the form f. If any polar form be equated to 0, it represents a set 
of points which is called the first, second,---, nth polar of the point 
(Y,> Yo) with respect to the set of points represented by f (x,, x.) = 0. 

Consider now a binary form / (7,, 2,) = 0 and the effect upon it of 
a projective transformation 

Il: a, =ax,+ Ba,, 

Hy = yx, + d2,. 

If we substitute these values in / (#,, 2), we obtain a new form 

F(x], x). A point (w,, 2) represented by f(«,, v,)=0 will be trans- 

formed into a point (7, #j) represented by the form F(z], #{)= 0. 

Moreover, if the point (y,, y,) be subjected to the same projectivity, 

it is evident from the nature of the expansion given above that the 

polars of (y,, y,) with respect to f(x,, 7,)=0 are transformed into 
the polars of (y{, yj) with respect to F(x], x}) = 0. 


(ad — By # 0) 
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We may summarize the results thus obtained as follows: 

THEOREM 6. Jf a binary form f is transformed by a projective 
transformation into the form F, the set of points represented by f = 0 
ws transformed into the set represented by F=0. Any polar of a 
point (¥,, Y,) with respect to f = 0 is transformed into the correspond- 
ing polar of the point (y{, yj) with respect to F = 0. 

The following is a simple illustration of a polar of a point with 
respect to a set of points on a line. 

The form 2,%,=0 represents the two points whose nonhomo- 
geneous coordinates are 0 and « respectively. The first polar of any 
point (y,, y,) with respect to this form is clearly y,7, + y,7, = 0, and 
represents the point (— y,, y,); in other words, the first polar of a 
point P with respect to the pair of points represented by the given 
form is the harmonic conjugate of this point with respect to the pair. 


EXERCISE 


Determine the geometrical construction of the (n — 1)th polar of a point 
with respect to a set of n distinct points on a line (cf. Ex. 3, p. 51). 


90. Invariants and covariants of binary forms. DerrIniTIon. Ifa 
binary form a? = a,a? + na,a~~'x,+---+a,a7 be changed by the 


transformation ' 
Oy = aL Ba, 


Een (a5 — By # 0) 
into a new form A” = A,v/"+ A,x/"~'a/ +---+A,a4", any rational 
function J (a,, 4,,---, @,) of the coefficients such that we have 
I(A,, A+++, A,) = $(a, B, 9, 8)» E (a, Oy,++ +) My 
is called an invariant of the form a”. A function 
OG, G57 5 Gs Lys Oy) 
of the coefficients and the variables such that we have 
C(A,, A,, he) A,,; 1; #4) = v (4, B, oe 6) ; C(a, Cy os Osa @,) 
is called a covariant of the form a7. The same terms apply to func- 
tions J and C of the coefficients and variables of any finite number 
of binary forms with the property that the same function of the 
coefficients and variables of the new forms is equal to the original 
function multiplied by a function of a, 8, y, 6 only; they are then 
called simultaneous invariants or covariants, 
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In § 87 we gave several examples of invariants of binary forms, 
linear and quadratic. It is evident from the definition that the con- 
dition obtained by equating to 0 any invariant of a form (or of a 
system of forms) must determine a property of the set of points 
represented by the form (or forms) which is invariant under a pro- 
jective transformation. Hence the complete study of the projective 
geometry of a single line would involve the complete theory of invari- 
ants and covariants of binary forms. It is not our purpose in this 
book to give an account of this theory. But we will mention one 
theorem which we have already seen verified in special cases. 

The functions $(a, B, y, 5) and (a, B, y, 8) oceurring in the 
definition above are always powers of the determinant ab — By of 
the projective transformation in question.* 

Before closing this section we will give a simple example of a cova- 
riant. Consider two binary quadratic forms a?, b? and form the new 
quantic 

Cray = (gd, — 409) By + (Aigdy — yb) ®®_ + (Ab. — 4404) wy. 
By means of equations (1), § 87, the reader may then verify without 
difficulty that the relation 


Cy = (a8 — By) -C,, 
holds, which proves C,, to be a covariant. The two points represented 
by C,, = 9 are the double points (proper or improper) of the involu- 
tion of which the pairs determined by a?= 0, ?=0 are conjugate 
pairs. This shows why the form should be a covariant. 


EXERCISE 


Prove the statement contained in the next to the last sentence. 


91. Ternary and quaternary forms and theirinvariants. The remarks 
which have been made above regarding binary forms can evidently be 
generalized. A p-ary form of the nth degree is a polynomial of the nth 
degree homogeneous in p variables. When the number of variables is 
three or four, the form is called ternary or quaternary respectively. 
The general ternary form of the second degree when equated to zero 
has been shown to be the equation of a conic. In general, the set of 
points (proper and improper) in a plane which satisfy an equation 


ie, an n be 
hy =A ei +a, r7+avyte = 0 


* For proof, cf., for example, Grace and Young, Algebra of Invariants, pp. 21, 22, 
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obtained by equating to zero a ternary form of the nth degree is 
called an algebraic curve of the nth degree (order). Similarly, the set 
of points determined in space by a quaternary form of the nth degree 
equated to zero is called an algebraic surface of the nth degree. 

The definitions of invariants and covariants of p-ary forms is pre- 
cisely the same as that given above for binary forms, allowance being 
made for the change in the number of variables. Just as in the 
binary case, if an invariant of a ternary or quaternary form vanishes, 
the corresponding function of the coefficients of any projectively 
equivalent form also vanishes, and consequently it represents a prop- 
erty of the corresponding algebraic curve or surface which is not 
changed when the curve or surface undergoes a projective transforma- 
tion. Similar remarks apply to covariants of systems of ternary and 
quaternary forms. 

Invariants and covariants as defined above are with respect to the 
group of all projective collineations. The geometric properties which 
they represent are properties unaltered by any projective collineation. 
Like definitions can of course be made of invariants with respect to 
any subgroup of the total group. Evidently any function of the 
coefficients of a form which is invariant under the group of all col- 
lineations will also be an invariant under any subgroup. But there 
will in general be functions which remain invariant under a subgroup 
but which are not invariant under the total group. These correspond 
to properties of figures which are invariant under the subgroup with- 
out being invariant under the total group. We thus arrive at the 
fundamental notion of a geometry as associated with a given group, 
a subject to which we shall return in detail in a later chapter. 


EXERCISES 


1. Define by analogy with the developments of § 89, the n — 1 polars of a 
ternary or quaternary form of the nth degree. 

2. Regarding a triangle as a curve of the third degree, show that the second 
polar of a point with regard to a triangle is the polar line defined on page 46. 

3. Generalize Ex. 2 in the plane and in space, and dualize. 
Uy Ci Cie 
T_ A, Ao8 
Gg G5 Age 


Oy 2? + Ang L? + Agate + 2 (Qygt%y + Users + Agg%q%g) = 0 


4. Prove that the discriminant of the ternary quadratic form 








is an invariant. What is its geometrical interpretation? Cf. Ex., p. 187. 
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92. Proof of Proposition K,. Given a rational integral function 
(2) =a," + ae" -++--+a,, a, 0, 
whose coefficients belong to a given field F, and which is irreducible in 
F, there exists a field F', containing F, in which the equation (x)= 0 
has a root. 

Let f(z) be any rational integral function of 2 with coefficients in 
F, and let 7 be an arbitrary symbol not an element of F. Consider 
the class F; = [/(j)] of all symbols /(j), where [/(x)] is the class of 
all rational integral functions with coefficients in F. We proceed to 
define laws of combination for the elements of F; which render the 
latter a field. The process depends on the theorem* that any poly- 
nomial f(z) can be represented uniquely in the form 

J (2) = 9 (2) 6 (%) +7 (2); 
where g(z) and r(x) are polynomials belonging to F,—die. with 
coefficients in F, — and where 7(z) is of degree lower than the degree 
n of (x). If two polynomials /,, f, belonging to F are such that 
their difference is exactly divisible by ¢(a), then they are said to be 
congruent modulo ¢$(x), in symbols /, = f,, mod. (2). 

1. Two elements /,(7), 7,(/) of F; are said to be equal, if and only 
if /,(z) and f,(z) are congruent mod. (zx). By virtue of the theorem 
referred to above, every element /(j) of F; is equal to one and only 
one element /’(/) of degree less than n. We need hence consider only 
those elements /(j) of degree less than x. Further, it follows from 
this definition that ¢(j) = 0. 

2. It f, (0) +fy(2) =f, (a), mod. ¢ (2), then f,(j) +A (1) =A). 

3. It f(x) -f,(a) =f, (@), mod. $ (2), then f,(/)-f.) =A, (0)- 

Addition and multiplication of the elements of F, having thus 
been defined, the associative and distributive laws follow as immedi- 
ate consequences of the corresponding laws for the polynomials / (2). 
It remains merely to show that the inverse operations exist and are 
unique. That addition has a unique inverse is obvious. To prove 
that the same holds for multiplication (with the exception of 0) we 
need only recall ¢ that, since $(#) and any polynomial f(x) have no 
common factors, there exist two polynomials 2(#) and k(x) with 
coefficients in F such that 


h(a) f(a) + ke(a) - p(x) =1. 


* Fine, College Algebra, p. 156. t Fine, loc. cit., p. 208. 
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This gives at once WG) -fUy=] 


so that every element /(7) distinct from 0 has a reciprocal. The class 
F, is therefore a field with respect to the operations of addition and 
mutiplication defined above (cf. § 52), such that $(/) = 0. It follows 
at once* that «—J is a factor of (2) in the field F,, which is there- 
fore the required field F’. The quotient ¢(z)/(x—J) is either irre- 
ducible in F,, or, if reducible, has certain irreducible factors. If the 
degree of one of the latter is greater than unity, the above process may 
be repeated leading to a field F,,, 7’ being a zero of the factor in 
question. Continuing in this way, it is possible to construct a field 
Fi in eesj'» Where m <2 —1, in which ¢(z) is completely reducible, 
ie. in which ¢(x) may be decomposed into m linear factors. This 
gives the following corollary : 

Given a polynomial $(x) belonging to a given field F, there exists a 
field F' containing F in which $(x) is completely reducible. 

Finally, an obvious extension of this argument gives the corollary : 

Given a finite number of polynomials each of which belongs to a 
given field F, there exists a field F', containing F, in which each of the 
given polynomials is completely reducible. 

This corollary is equivalent to Proposition K,. For if S be any 
space, let F be the number system on one of its lines. Then, as in 
the Introduction (p. 11), F’ determines an analytic space which is 
the required space S! of Proposition K,,. 

The more general question at once presents itself: Given a field 
F, does there exist a field F’, containing F, in which every polynomial 
belonging to F is completely reducible? The argument used above 
does not appear to offer a direct answer to this question. The ques- 
tion has, however, recently been answered in the affirmative by an 
extension of the above argument which assumes the possibility of 
“ well ordering” any class. 


EXERCISE 


Many theorems of this and other chapters are given as dependent on 
A, E, P, H,, whereas they are provable without the use of Hy. Determine 
which theorems are true in those spaces for which H, is false. 


* Fine, College Algebra, p. 169. 
+ Cf. E. Steinitz, Algebraische Theorie der Korper, Journal fiir reine u. ange- 
wandte Mathematik, Vol. CXKXXVII (1909), p. 167; especially pp. 271-286. 


CHAPTER X* 
PROJECTIVE TRANSFORMATIONS OF TWO-DIMENSIONAL FORMS 


93. Correlations between two-dimensional forms. DeEFINITION. A 
projective correspondence between the elements of a plane of points 
and the elements of a plane of lines (whether they be on the same 
or on different bases) is called a correlation. Likewise, a projective 
correspondence between the elements of a bundle of planes and the 
elements of a bundle of lines is called a correlation.t 

Under the principle of duality we may confine ourselves to a con- 
sideration of correlations between planes. In such a correlation, then, 
to every point of the plane of points corresponds a unique line of the 
plane of lines; and to every pencil of points in the plane of points 
corresponds a unique projective pencil of lines in the plane of lines. 
In particular, if the plane of points and the plane of lines are on the 
same base, we have a correlation in a planar field, whereby to every 
point P of the plane corresponds a unique line p of the same plane, 
and in which, if 2, &, &, & are collinear points, the corresponding 
lines p,, P., Ps, P, are concurrent and such that 


B (ER, BE) = B (PP PsP): 
That a correlation I’ transforms the points [P] of a plane into the 
lines [p] of the plane, we indicate as usual by the functional notation 


T'(P) =p. 
The points on a line / are transformed by I into the lines on a 


point Z. This determines a transformation of the lines [/] into the 
points [Z], which we may denote by I’, thus: 


I () =L. 
That I’ is also a correlation is evident (the formal proof may be 
supplied by the reader), The transformation I’ is called the correla- 
tion induced by I’. If a correlation [ transforms the lines [7] of a 


* All developments of this chapter are on the basis of Assumptions A, E, P, and 
Ho. Cf. the exercise at the end of the last chapter. 


| The terms reciprocity and duality are sometimes used in place of correlation. 
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plane into the points [Z] of the plane, the correlation which trans- 
forms the points [//'] into the lines [ZZ'] is the correlation induced 
by TP. If I’ is induced by I, it is clear that T’ is induced by I”. 
For if we have 

D(LBR +++) = PPPs sss 
we have also 


IY( (BE) (BR) +++) = (PP2) (P25) +++ 


and hence the induced correlation of I’ transforms £ into p,, ete. 

That correlations in a plane exist follows from the existence of the 
polar system of a conic. The latter is in fact a projective transforma- 
tion in which to every point in the plane of the conic corresponds a 
unique line of the plane, to every line corresponds a unique point, 
and to every pencil of points (lines) corresponds a projective pencil 
of lines (points) (Theorem 18, Cor., Chap. V). This example is, how- 
ever, of a special type having the peculiarity that, if a point P corre- 
sponds to a line », then in the induced correlation the line p will 
correspond to the point P; ie. in a polar system the points and lines 
correspond doubly. This is by no means the case in every correlation. 

DEFINITION. A correlation in a plane in which the points and 
lines correspond doubly is called a polarity. 

It has been found convenient in the case of a polarity defined by 
a conic to study a transformation of points into lines and the induced 
transformation of lines into points simultaneously. Analogously, in 
studying collineations we have regarded a transformation T of points 
P, B, B, F into points Ff’, B', B', BR’, and the transformation T’ of 
hemes PhP ere Psntoithe lines: Rib!) 2 Bd hye Peas 
the same collineation. In like manner, when considering a trans- 
formation of the points and lines of a plane into its lines and points 
respectively, a correlation I’ operating on the points and its induced 
correlation I’ operating on the lines constitute one transformation of 
the points and lines of the plane. For this sort of transformation we 
shall also use the term correlation. In the first instance a correlation 
in a plane is a correspondence between a plane of points (lines) and 
a plane of lines (points). In the extended sense it is a transformation 
of a planar field either into itself or into another planar field, in 
which an element of one kind (point or line) corresponds to an ele- 
ment of the other kind. 
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The following theorem is an immediate consequence of the defini- 
tion and the fact that the resultant of any two projective correspond- 
ences is a projective correspondence. 

THEOREM 1. The resultant of two correlations is a projective col- 
lineation, and the resultant of a correlation and a projective collinea- 
tion is a correlation. 


We now proceed to derive the fundamental theorem for correlations 
between two-dimensional forms. 

THEOREM 2. A correlation between two two-dimensional primitive 
forms is uniquely defined when four pairs of homologous elements are 
given, provided that no three elements of either form are on the same 
one-dimensional primitive form. 

Proof. Let the two forms be a plane of points @ and a plane of 
lines a’. Let C? be any conic in a’, and let the four pairs of homol- 
ogous elements be 4, B, C, Din @ and a’, b',c',d' in a’. Let A’, B, 
C', D' be the poles of a’, b', c', d' respectively with respect to C*. If 
the four points A, B, C, D are the vertices of a quadrangle and the 
four points 4’, B', C’, D’ are likewise the vertices of a quadrangle 
(and this implies that no three of the lines a’, d’, c’, d' are concurrent), 
there exists one and only one collineation transforming A into 4’, B 
into B', C into C’,and D into D!’ (Theorem 18, Chap. IV). Let this 
collineation be denoted by T, and let the polarity defined by the conic 
C” be denoted by P. Then the projective transformation I which is 
the resultant of these two transforms 4 into a’, B into b', ete. More- 
over, there cannot be more than one correspondence effecting this 
transformation. For, suppose there were two, I and T,. Then the 
projective correspondence I’,~'-. I would leave each of the four points 
A, B, C, D fixed; ie. would be the identity (Theorem 18, Chap. IV). 
But this would imply P,=T. 

THEOREM 3. A correlation which interchanges the vertices of a 
triangle with the opposite sides is a polarity. 

Proof. Let the vertices of the given triangle be A, B, C, and let 
the opposite sides be respectively a, b,c. Let P be any point of the 
plane ABC which is not on a side of the triangle. The line p into 
which P is transformed by the given correlation I does not, then, pass 
through a vertex of the triangle ABC. The correlation I is deter- 
mined by the equation I (ABCP) = abcp, and, by hypothesis, is such 
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that ['(abe)= ABC. The points [Q] of ¢ are transformed into the 
lines [g] on C, and these meet ¢ in a pencil [Q'] projective with [Q] 
(fig. 99). Since 4 corresponds to B and B to A in the projectivity 
[%]X[@'], this projectivity isan involution I. The point Q, in which 





CP meets ¢ is transformed by I into a line on the point cp; and 
since @, and cp are paired in I, it follows that cp is transformed 
into the line CQ,= CP. In like manner, bp is transformed into BP. 
Hence p = (cp, bp) is transformed into P=(CP, BP). 
THEOREM 4. Any projective collineation, II, in a plane, a, is the 
product of two polarites. 
Proof. Let Aa be a lineal element of a, and let 
ThAe)\ = Ae! NI (Ao) ee AN al, 
Unless II is perspective, 4a may be so chosen that 4, 4’, A” are not 
collinear, aa’a" are not concurrent, and no line of one of the three 
lineal elements passes through the point of another. In this case there 
exists a polarity P such that P(4A'A”) = a'a/a, namely the polarity 
defined by the conic with regard to which 44" (aa") is a self-polar tri- 
angle and to which a’ is tangent at A’. If IT is perspective, the existence 
of P follows directly on choosing 4a, so that neither 4 nor @ is fixed. 
We then have 
PII (44'aa') = a'aA'A, 
and hence the triangle 4A’ (aa’) is self-reciprocal. Hence (Theorem 3) 
PII = P, is a polarity, and therefore II = PP,,. 
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94. Analytic representation of a correlation between two planes. 
Bilinear forms. Let a system of simultaneous point-and-line codrdi- 
nates be established in a planar field. We then have 


TuEoREM 5. Any correlation in a plane is given as a transforma- 
tion of points into lines by equations of the form 


I oes a 
pe Ay ,%, + Ay o%o ete 11 3%35 
(Pes Hy oa 
(1) pu, = Ay Xy i AooXe t ADs3Xg, 


get — a y 
pls = As) 2, 5 AsoXs <0 Os5 


Hey 
where the determinant A of the coefficients a,, is different from zero. 
Conversely, every transformation of this form in which the determinant 


A is different from zero represents a correlation. 


The proof of this theorem is completely analogous to the proof of 
Theorem 8, Chapter VII, and need not be repeated here. 

As a corollary we have 

CoroLtLary 1. The transformation pu| = x,, pu; =x,, pujy= az, tm 
a plane represents a polarity in which to every side of the triangle of 
reference corresponds the opposite vertex. 


Also, if (w{, uj, uy) be interpreted as line codrdinates in a plane 
different from that containing the points (#,, 2, 7,) (and if the num- 
ber systems are so related that the correspondence Y'= Y between 
the two planes is projective), we have at once 

CoroLLaRY 2. The equations of Theorem 5 also represent a correla- 
tion between the plane of (a, %, %,) and the plane of (uj, uj, uf). 


Returning now to the consideration of a correlation in a plane 
(planar field), we have seen that the equations (1) give the coérdi- 
nates (w{, vj, Uy) of the line w’=T (X), which corresponds to the 
point X= (#,, #,, x,). By solving these equations for 2,, 


inh ! : ! ' 

oL, = A,,U, + A, + Ag, Us, 

‘ ee a! a! 
(2) OX, = A, Uy + Ayllg + Ages, 
i ae ! / ! 

TL, = A,,U, + A,sla + Aggtls, 


we obtain the codrdinates of Y=I~'(w') in terms of the codrdinates 
uj of the line to which XY is homologous in the inverse correlation ['-. 
If, however, we seek the codrdinates of the point X’= TI (w) which 
corresponds to any line w in the correlation I’, we may proceed as 
follows: 
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Let the equation of the point X’ = (z/, x}, w}) in line coérdinates be 
Ux + use} + ufa! = 0. 


Substituting in this equation from (1) and arranging the terms as a 
linear expression in #,, #,, 25, 


U,2, + UL, + Uc, = 0, 
we readily find 
TU, = My ,Xy + Ay, L) + yyy, 
(3) TU, = Ot} a Agiky oh Ogos» 
ia 3X, a ashy at Aggy. 


The coordinates of X’ in terms of the coordinates of w are then 


given by 
vt, = Aj, + A,,U, + Arse, 


(4) UL, Se A, Ut, SF A, te Asta 
Aint Spans 
vx, = A,,U, + Azo, + Aggtls. 


82 


This is the analytic expression of the correlation as a transformation 
of lines into points; Le. of the induced correlation of I’. These equa- 
tions clearly apply also in the case of a correlation between two 
different planes. 

It is perhaps well to emphasize the fact that Equations (1) express Tas a 
transformation of points into lines, while Equations (4) represent the induced 
correlation of lines into points. Since we consider a correlation as a trans- 
formation of points into lines and lines into points, [is completely represented 
by (1) and (4) taken together. Equations (2) and (3) taken together repre- 
sent the inverse of I. 


Another way of representing I" analytically is obtained by observ- 
ing that the point (v,, w,, ~,) is transformed by I’ into the line whose 
equation in current codrdinates (71, x1, xj) is 

ual + ujvl+ uso = 0, 
or, 
(5) (44,2, an BX, ae A145) XY i (45,2, + AooXs aio A550) ay 
H (Ag,% + Uyq%q + Vy5%5) v= 0. 


The left-hand member of (5) is a general ternary bilinear form. We 
have then 

CoroLLary 3. Any ternary bilinear form in which the determinant 
A is different from zero represents a correlation in a plane, 
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95. General projective group. Representation by matrices. The 
general projective group of transformations in a plane (which, under 
duality, we take as representative of the two-dimensional primitive 
forms) consists of all projective collineations (including the identity) 
and all correlations in the plane. Since the product of two collinea- 
tions is a collineation, the set of all projective collineations forms a 
subgroup of the general group. Since, however, the product of two 
correlations is a collineation, there exists no subgroup consisting 
entirely of correlations.* 

According to the point of view developed in the last chapter, the 
projective geometry of a plane is concerned with theorems which 
state properties invariant under the general projective group in the 
plane. In particular, the principle of duality may be regarded as a 
consequence of the presence of correlations in this group. 

Analytically, collineations and correlations may be regarded as 
aspects of the theory of matrices. The collineation 


3 


a, eo > Hh; (@ = Ub De 3) 


j=1 
may be conveniently represented by the matrix A of the coefficients a,;: 
Oy a. as 
A = (Gs) =( Gq, Gyq Bq }- 
Cae eat 


81 32 33, 


The product of two collineations A =(qa,,) and B= (4,.) is then given 
by the product of their matrices : 


Diy Diy bs G1, Uy Ay, 
BA = (0;;) (4,,) = boy Doo bas Qe, Ugg Ags 
O54 Didi. Us, As. Oss 


By yyy Ogos + Oy gg, By, yg + OygMbag + by sso 841843 + 9a, + by 3s5 
= 1 D911, + Ogata, + bass, Dy Gyo ats Banoo A Doxbgg ba1Gy5 ot Doone + Dag Qog ’ 
Dy 41 + OgoGoy + Ogg% gy 95,019 + Oge%ag + DssUso bg,13+ ByoQog-+ Desa 


the element of the 7th row and the jth column of the matrix BA 
being obtained by multiplying each element of the ith row of B by the 
corresponding element of the jth column of A and adding the products 
thus obtained. It is clear that two collineations are not in general 
commutative. 


* A polarity and the identity form a group ; but this forms no exception to the 
statement just made, since the identity must be regarded as a collineation, 
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Of the two matrices 


as, W a3 Wy a4 My 
Qo, Woe Qos and O19 Boe A 30 ) 
Wy Aso ass Ns Qos Ass 


either of which is obtained from the other by interchanging rows and 
columns, one is called the conjugate or transposed matrix of the 
other. The matrix 





11 21 31 
A,, A,, 32 
A,, An As, 


is called the adjoint matrix of the matrix A. The adjoint matrix is 
clearly obtained by replacing each element of the transposed matrix 
by its cofactor. Equations (2) of § 67 show that the adjoint of a 
given matrix represents the inverse of the collineation represented by 
the gwen matrix. Indeed, by direct multiplication, 


Ay, Gq Ay Ay A, A,, A090 
Bo, Ase Aas 12 eae cae =|0 4 0]; 
Oey Aso Oss A,, ae A,, 0 04 








and the matrix just obtained clearly represents the identical col- 
lineation. Since, when a matrix is thought of as representing a 
collineation, we may evidently remove any common factor from all 
the elements of the matrix, the latter matrix is equivalent to the 
so-called identical matrix,* 

f 0 } 

Oete0 }: 

GAN 2 


Furthermore, Equations (3), § 67, show that 7f a given matria 
represents a collineation in point coordinates, the conjugate of the 
adjoint matrix represents the same collineation in line coordinates. 
Also from the representation of the product of two matrices just 
derived, follows the important result: 

The determinant of the product of two matrices (collineations) is 
equal to the product of the determinants of the two matrices (col- 
lineations). 

* In the general theory of matrices these two matrices are not, however, re- 


garded as the same. It is only the interpretation of them as collineations which 
renders them equivalent. 
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From what has just been said it is clear that a matrix does not 
completely define a collineation, unless the nature of the coordinates 
is specified. If it is desired to exhibit the coordinates in the nota- 
tion, we may write the collineation w/ = 2a,,, in the symbolic form 


a! = (ay) a 


The matrix (a,,) may then be regarded as an operator transforming 
the coordinates «= (a,, x,, x,) into the codrdinates #’ = (x, J, xj). If 
we place d,,= a,,, the matrix conjugate to (a;,,) is (@,;). Also by plac- 
ing A,,= A,,, the adjoint matrix of (a,,) is (4,,). The inverse of the 
above collineation is then written 


ge (4 ya 


Furthermore, the collineation «'= (a,;) is represented in line codrdi- 
nates by the equation 


This more complete notation will not be found necessary in gen- 
eral in the analytic treatment of collineations, when no correlations 
are present, but it is essential in the representation of correlations 
by means of matrices. 

The correlation (1) of § 94 may clearly be represented symbolically 
by the equation 

w= (4,5) 
where the matrix (qa,,) is to be regarded as an operator transforming 
the point x into the line w’. This correlation is then expressed as a 
transformation of lines into points by 


a! = (A,,) u. 


The product of two correlations w/=(a,,)« and wu! = (},,) x is there- 
fore represented by 
w! = (By) (a,;) & 
(cf. Equations (4), § 94), or by 
w= (0,;) (Ai) u 
Also, the inverse of the correlation w! =(a,,)# is given by 
me(A.) ul, 
or by 


u = (4,5) a’. 
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EXERCISE 


Show that if [II] is the set of all collineations in a plane and T, is any 
correlation, the set of all correlations in the plane is [IIT,], so that the two 
sets of transformations [II] and [III',] comprise the general projective group 
in the plane. By virtue of this fact the subgroup of all projective collineations 
is said to be of index 2 in the general projective group.* 


96. Double points and double lines of a collineation in a plane. 
Referring to Equations (1) of § 67 we see that a point (a,, z,, Z,) 
which is transformed into itself by the collineation (1) must satisfy 


the equations 
PL, = A,X, + Ay T+ A,X, 


Ply = Uy ®, HF UgyXy + Ug s, 
Pi, = UL + Aso%, + Ugas, 
which, by a simple rearrangement, may be written 
(44,—P)e+ y%, + G,%, =0, 
(1) By,%, + (Mgg—P) Xt Ayg®, =, 
As, + Asp, + (As,—p) X, = 0. 
If a point (%,, x, x,) is to satisfy these three equations, the deter- 


minant of this system of equations must vanish; Le. p must satisfy 
the equation 


a,—P 1. 13 
(2) Cote ogame Pos ae 0. 
31 Aso 33 — P| 


This is an equation of the third degree in p, which cannot have more 
than three roots in the number system of our geometry. 

Suppose that p, is a root of this equation. The system of equa- 
tions (1) is then consistent (which means geometrically that the 
three lines represented by them pass through the same point), and 
the point determined by any two of them (if they are independent, 
ie. if they do not represent the same line) is a double point. Solving 
the first two of these equations, for example, we find as the codrdi- 
nates (x,, z,, £,) of a double point 


yg %1— Py 
Mos a 


Gy,— Py %o 
oa , 
Gy Boo Py 


sails MSs 
hea— Pi “og 











(3) &@,:%:2,= 








21 


* A subgroup [II] of a group is said to be of index n, if there exist n — 1 trans- 
formations T';(i= 1, 2, --- n — 1), such that the n — 1 sets [IIT;] of transformations 
together with the set [II] contain all the transformations of the group, while no two 
transformations within the same set or from apy two sets are identical, 
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which represent a unique point, unless it should happen that all the 
determinants on the right of this equation vanish. Leaving aside 
this possibility for the moment, we see that every root of Equation 
(2), which is called the characteristic equation of the collineation (or 
of the representative matrix), gives rise to a unique double point. 
Moreover, every double point is obtainable in this way. This is the 
analytic form of the fact already noted, that a collineation which is 
not a homology or an elation cannot have more than three double 
points, unless it is the identical collineation. 

If, however, all the determinants on the right in Equations (3) 
vanish, it follows readily that the first two of Equations (1) represent 
the same line. If the determinants formed analogously from the last 
two equations do not all vanish, we again get a unique double point ; 
but if the latter also vanish, then all three of the equations above 
represent the same line. Every point of this line is then a double point, 
and the collineation must be a homology or an elation. Clearly this 
can happen only if p, is at least a double root of Equation (2); for 
we know that a perspective collineation cannot have more than one 
double point which is not on the axis of the collineation. 

A complete enumeration of the possible configurations of double 
points and lines of a collineation can be made by means of a study 
of the characteristic equation, making use of the theory of elementary 
divisors.* It seems more natural in the present connection to start 
with the existence of one fixed point (Proposition K,) and discuss 
geometrically the cases that can arise. 

By Theorem 4 a collineation is the product of two polarities. Hence 
any double point has the same polar line in both polarities, and that 
polar line is a double line. Hence the invariant figure of double points 
and lines is self-dual. 

Four points of the plane, no three of which are collinear, cannot 
be invariant unless the collineation reduces to the identity. If three 
noncollinear points are invariant, two cases present themselves. If 
the collineation reduces to the identity on no side of the invariant 
triangle, the collineation is of Type J (cf. § 40, Chap. IV). If the 
collineation is the identity on one and only one side of the invariant 
triangle, the collineation is of Type JV.+ If two distinct points are 


* Cf. Bécher, Introduction to Higher Algebra, Chaps. XX and XXI. 
} If it is the identity on more than one side, it is the identical collineation. 
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invariant, but no point not on the line / joining these two is invariant, 
two possibilities again arise. If the collineation does not leave every 
point of this line invariant, there is a unique other line through one 
of these points that is invariant, since the invariant figure is self-dual. 
The collineation is then of Type JZ. If every point of the line is 
invariant, on the other hand, all the lines through a point of the 
line ¢ must be invariant, since the figure of invariant elements is 
self-dual. The collineation is then of Type V. 

If only one point is fixed, only one line can be fixed. The collinea- 
tion is then parabolic both on the line and on the point, and the 
collineation is of Type J7Z. 

We have thus proved that every collineation different from the 
identity is of one of the five types previously enumerated. Type J 
may be represented by the symbol [1, 1, 1], the three 1’s denoting 
three distinct double points. In Type JV there are also three distinct 
double points, but all points on the line joining two of them are fixed 
and Equation (1) has one double root. Type JV is denoted by [(1, 1), 1]. 
In Type JZ, as there are only two distinct double points, Equation 
(1) must have a double root and one simple root. This type is ac- 
cordingly denoted by the symbol [2,1], the 2 indicating the double 
point corresponding to the double root. Type Vis then naturally repre- 
sented by [(2,1)], the parentheses again indicating that every point 
of the line joining the two points is fixed. Type //7 corresponds to a 
triple root of (1), and may therefore be denoted by [3]. We have 
then the following: 

THEOREM 6. Every projective collineation in a plane is of one of 
the following five types : 


at Mie, o.4) 


[2, 1] [(?, 1)] 


[3] 





In this table the first column corresponds to three distinct roots 
of the characteristic equation, the second column to a double root, 
the third column to a triple root. The first row corresponds to the 
cases in which there exist at least three double points which are 
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not collinear; the second row to the case where there exist at least 
two distinct double points and all such points are on the same line; 
the third row to the case in which there exists only a single double 
point. 

With every collineation in a plane are associated certain projec- 
tivities on the invariant lines and in the pencils on the invariant 
points. In case the collineation is of Type J, it is completely deter- 
mined if the projectivities on two sides of the invariant triangle are 
given. There must therefore be a relation between the projectivities 
on the three sides of the invariant triangle (cf. Ex. 5, p. 276). Ina 
collineation of Type JZ the projectivity is parabolic on one of the 
invariant lines but not on the other. The point in which the two 
invariant lines meet may therefore be called singly parabolic. The 
collineation is completely determined if the projectivities on the 
two invariant lines are given. In a collineation of Type J/J the pro- 
jectivity on the invariant line is parabolic, as likewise the projectivity 
on the invariant point. The fixed point may then be called doubly 
parabolic. The projectivities on the invariant lines of a collineation 
of Type V are parabolic except the one on the axis which is the 
identity. The center is thus a singly parabolic point. In the table 
of Theorem 6 the symbols 3, 2, and 1 may be taken to indicate 
doubly and singly and nonparabolic points respectively.* 

We give below certain simple, so-called canonical forms of the 
equations defining collineations of these five types. 

Type I. Let the invariant triangle be the triangle of reference. 
The collineation is then given by equations of the form 


ie ,” 
PX, = &,%,, 


x 


pr; = a 39 


33° 


in which @,,, ,., @,, are the roots of the characteristic equation and 
must therefore be all distinct. 

Type IV, Homology. If the vertices of the triangle of reference 
are taken as invariant points, the equations reduce to the form written 
above ; but since one of the lines 2,= 0, #,=0, z,=0 is pointwise 


* For a more detailed discussion of collineations, reference may be made to 
Newson, A New Theory of Collineations, etc., American Journal of Mathematics, 
Vol. XXIV, p. 109. 
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invariant, we must have either @,, = @,, Or @5,;—= @,, OF @,,= 4, Thus 
the homology may be written 


pr, =v, 

px, =a, i, 

Pile Gide: (a,, % 1). 
A harmonic homology or reflection is obtained by setting a,,=—1. 


Type II. The characteristic equation has one double root, p,= p,, 
say, and a simple root pz. Let the double point corresponding to 
P; = p, be U,=(0, 0, 1), let the double point corresponding to p, be 
U,=(1, 0, 0), and let the third vertex of the triangle of reference 
be any point on the double line w, corresponding to p,, which line 
will pass through the point U,. The collineation is then of the form 


ie 
PX = 4%, 
(pas y 
pt, = UooX%os 
Fis 
P&s ae AsoXo LE Ash, 


since the lines #,=0 and w= 0 are double lines and (1, 0, 0) is a 
double point. The characteristic equation of the collineation is clearly 


(@,,— p) (Bq — p) (Gs ran p) = 0, 
and since this must have a double root, it follows that two of the 


numbers @,,, @., @3, must be equal. To determine which, place 


9; using the minors of the second row, we find, as coordinates 
of the corresponding double point, 
(0, (44) — M9) (Gog — Agg)s Ugo (44, — yo) )s 


which is U,, and hence we have a,,=«a,,. The collineation then is 
of Type Z/, if a,,# a,,. Its equations are therefore 


p=4 


where a,, # 0 and a,, # Gp. 

Type III. The characteristic equation has a triple root, p,=p,= ps, 
say. Let U,=(0, 0, 1) be the single double point, and the line x, = 0 be 
the single double line. With this choice of coordinates the collineation 


has the form kee 
Pl, = %%,%,, 


! 
pr, = Uy Hy ce UoyXo, 
pl jel p 
PXly = Ay)%, soy W535 
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By writing the characteristic equation we find, in view of the fact 
that the equation has a triple root, that @,,= @.—= 4%, The form of 


the collineation is therefore 


cif aed 

fi i—2 
re , 

Phy = Ay,%, + Hp, 


ea 
Ply = Mg L, + Ayo% + Ley 


where the numbers a@,,, @,, must be different from 0. 

Type V, Elation. Choosing (0, 0, 1) as center and z,=0 as axis, 
the equations of the collineation reduce to the form given for Type //J, 
where, however, @,, must be zero in order that the line z,=0 be 
pointwise invariant. The equations for Type // also yield an elation 
in case a,,=a,,. Thus an elation may be written 


pula, 

Pl,z= By, 

pg =F Ago, + Hy. 
EXERCISES 


1. Determine the collineation which transforms the points A = (0, 0, 1), 
B=(0,1, 0), C=, 0, 0), D=(1, 1, 1) into the points B, C, D, A respec- 
tively. Show that the characteristic equation of this collineation is (p — 1) 
(p? + 1) = 0, which in any field has one root. Determine the double point 
and double line corresponding to this root. Assuming the field of numbers to 
be the ordinary complex field, determine the codrdinates of the remaining two 
double points and double lines. Verify, by actually multiplying the matrices, 
that this collineation is of period 4 (a fact which is evident from the defini- 
tion of the collineation). 

2. With the same codrdinates for A, B, C, D determine the collineation 
which transforms these points respectively into the points B, A, D, C. The 
resulting collineation must, from this definition, be a homology. Why? De- 
termine its center and its axis. By actual multiplication of the matrice 
verify that its square is the identical collineation. 

3. Express each of the collineations in Exs. i and 2 in terms of line 
coordinates. 

4. Show that the characteristic cross ratios of the one-dimensional projec- 
tivities on the sides of the invariant triangle of the collineation a! = ax, 
a] = bx,, x! = cx, are the ratios of the aumbers a, 6, c. Hence show that the 
product of these cross ratios is equal to unity, the double points being taken 
around the triangle in a given order. 

5. Prove the latter part of Ex. 4 for the cross ratios of the projectivities 
on the sides of the invariant triangle of any collineation of Type J. 
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6. Write the equations of a collineation of period 3; 4; 5; ---; nj; +++. 

7. By properly choosing the system of nonhomogeneous codrdinates any 
collineation of Type J may be represented by equations 2’ = az, y/ = by. The 
set of all collineations obtained by giving the parameters a, b all possible 
values forms a group. Show that the collineations 2’ = az, y/ = ay, where r 
is constant for all collineations of the set, form a subgroup. Show that every 
collineation of this subgroup leaves invariant every curve whose equation is 
y = cx", where c is any constant. Such curves are called path curves of the 
collineations. 

8. If P is any point of a given path curve, p the tangent at P, and 
A, B,C the vertices of the invariant triangle, then R(p, PA, PB, IC) vhs 
constant. 

9. For the values r =— 1, 2, 3 the path curves of the collineations of the 
subgroup described in Ex. 7 are conics tangent to two sides of the invariant 
triangle at two vertices. 

10. If r= 0, the subgroup of Ex. 7 consists entirely of homologies. 

11. Prove that any collineation of Type J may be expressed in the form 

x =k (ax + by), 
y’ = k (ba — ay), 
with the restriction a? + 6?= 1. 

12. Prove that any collineation can be expressed as a product of collinea- 
tions of Type /. 

13. Let the invariant figure of a collineation of Type JZ be A, B, /, m, 
where /= AB, B=Im. The product of such a collineation by another of 
Type // with invariant figure A’, B, 1, m’ is in general of Type J/, but may 
be of Types J/I, IV, or V. Under what conditions do the latter cases arise ? 

14. Using the notation of Ex. 13, the product of a collineation of Type I/ 
with invariant figure A, B, 1, m by one with invariant figure A, B’, 1, m’ is 
in general of Type //, but may be of Types /// or JV. Under what conditions 
do the latter cases arise ? 

15. Prove that any collineation can be expressed as a product of collinea- 
tions of Type JJ. 

16. Two collineations of Type /// with the same invariant figure are not 
in general commutative. 

17. Any projective collineation can be expressed as a product of collinea- 
tions of Type J//. 

18. If II is an elation whose center is C, and P any point not on the 
axis, then P and C are harmonically conjugate with respect to II~1!(P) 
and II (P). 

19. If two coplanar conics are projective, the correspondence between the 
points of one and the tangents at homologous points of the other determines 
a correlation. 

20. If in a collineation between two distinct planes every point of the 
line of intersection of the planes is self-eorresponding, the planes are per- 


spective. 
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21. In nonhomogeneous codrdinates a collineation of Type J with fixed 
points (a,, a), (1, b2) (¢y, ¢,) may be written 





cy10 1 Ty LY 
Gp annlea, (De ep A 
UF as Mea, Di UpeleKOs 
A ens 1 ke, ,_ |e, Cg 1 ke, ; 
5 EAN a 4~Tz y 10 
2, hy MEM de, Wp, Ih A) 
Ua RL Le if, TRY: 
Gy ke WM (oy fe We 
Type J/ may be written 
cyi10 Cay te) 
a, a a te Gb AL Ge 
By On lek, b, b, 1 kb, 
, 8, 8 0 ta, +s, ,_ | 8 8 0 ta, +s, 
a eae ; y = ae ae ; 
ti Gy Ma ay aa leet 
lip Wy de Let es 
kh We 3, 8,0 ¢ 





F Sy WG 
W, Wy 0 at? +2 Bi 

ae op 

The Cp Mail: 

Sie eSq es ONGaret- We 

W, Wy 0 (at? +2 Bt) a, + 2asyt + wy 
Cie yet O ‘ 








0, We 0 at? + 2 Bt 

97. Double pairs of a correlation. We inquire now regarding the 
existence of double pairs of a correlation in a plane. By a double pair 
is meant a point XY and a line w such that the correlation transforms 
X into w and also transforms w into X; in symbols, if I is the cor- 
relation, such that ['(X)=w and I'(w)=X. We have already seen 
(Theorem 3) that if the vertices and opposite sides of a triangle are 
double pairs of a correlation, the correlation is a polarity. 

We may note first that the problem of finding the double pairs of 
a correlation is in one form equivalent to finding the double elements 
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of a certain collineation. In fact, a double pair X, wu is such that 
D(X) =w and IY (Xx) =T (uw) =X, so that the point of a double pair 
of a correlation I’ is a double point of the collineation ['?. Similarly, 
it may be seen that the lines of the double pairs are the double lines 
of the collineation I’. It follows also from these considerations that 
I is a polarity, if I is the identical collineation. 

Analytically, the problem of determining the double pairs of a 
correlation leads to the question: For what values of (z,, x,, z,) are 
the codrdinates 

[@,,2,+ Wo,%, an Ms,X 55 2, AP Bye Xy + UsoXs, Why + hyg%y TF A ggX, | 
of the line to which it corresponds proportional to the codrdinates 

[41% yyy + yyy, Dy Ly t Mygy +H Ugg®y, Mg,%, + Agy®, + 015505 | 
of the line which corresponds to it in the given correlation? If p is 
the unknown factor of proportionality, this condition is expressed by 
the equations 

(41 — P41) © + (Gy — Py) Wy + (Hyg — Py) Hy = D, 
(1) (a1 — P42) LH (Cag — Pigg) Ly + (Lag — PAyy) Uy = 0, 
(451 — P13) % + (gq — Pas) y+ (gg — PAs) 1, = O, 
which must be satisfied by the coordinates (x,, x,, #,) of any point 
of a double pair. The remainder of the treatment of this problem is 
similar to the corresponding part of the problem of determining the 
double elements of a collineation (§ 96). The factor of proportionality 
p is determined by the equation 
De PA es Peay Mig POs 
(2) Ayy— Pg Ugg— PU gg Ung — PX gq |= 0, 
Bey — Py, Ugg—P%qg %eg— PAs 

which is of the third degree and has (under Proposition K,) three 
roots, of which one is 1, and of which the other two may be proper 
or improper. Every root of this equation when substituted for p in 
(1) renders these equations consistent. The codrdinates (2,, x, %,) 
are then determined by solving two of these. 

If the reciprocity in question is a polarity, Equations (1) must be 
satisfied identically, i.e. for every set of values (x,, 7, #,). This would 
imply that all the relations 

Ay — pa, = 0 (i, 7=1, 2, 3) 
are satisfied. 
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Let us suppose first that at least one of the diagonal elements of the 
matrix of the coefficients (a,,) be different from 0. If this be a,,, the 
relation @,,—pa,,=0 gives at once p=1; and this value leads at 
once to the further relations 


t= 8. (1, y= if ep 3). 


The matrix in question must then be symmetrical. If, on the other 
hand, we have a,,=4a,,=4,,=0, there must be some coefficient @,, 
different from 0. Suppose, for example, a,,# 0. Then the relation 
a,,—ka,, = 0 shows that neither & nor @,, can be 0. The substitution 
of one in the other of the relations a,,=ka,, and a,,=ka,, then gives 
k?=1, ork =+1. The value k=1 again leads to the condition that 
the matrix of the coefficients be symmetrical The value A=—1 
gives a,,=0, and a,=—a,, which would render the matrix skew 
symmetrical. The determinant of the transformation would on this 
supposition vanish (since every skew-symmetrical determinant of odd 
order vanishes), which is contrary to the hypothesis. The value 
¢=—1 is therefore impossible. We have thus been led to the fol- 
lowing theorem: 

THEOREM 7. The necessary and sufficient condition that a rect- 
procity m a plane be a polarity is that the matrix of its coefficients 
be symmetrical. 

If the codrdinate system is chosen so that the point which corre- 
sponds to p=1 in Equation (2) is (1, 0, 0), it is clear that we must 
have a@,,=4a,, and a,,=a,,. If the line corresponding doubly to 
(1, 0, 0) does not pass through it, the codrdinates [1, 0, 0] may be 
assigned to this line. The equations of the correlation thus assume 
the form 


9 ry . -p 
(3) pu, = Age®, + AngXg, 
pts = Agy% + AyXy, 


and Equation (2) reduces to 


4 Olsen Boy — PM yq Mag — PX go wast (Vs 

(4) u(T~p) Wg2— PX ag — PAgg 
The roots, other than 1, of this equation clearly correspond to points 
on [1, 0, 0]. Choosing one of these points (Proposition K,) as (0:01), 
we have either a,,=«,,, which would lead to a polarity, or a,,=0. 
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In the latter case it is evident that (4) has a double root if @,,=— dy,, 
but that otherwise it has two distinct roots. Therefore a correlation 
in which (1, 0, 0) and [1, 0, 0] correspond doubly, and which is not 
a polarity, may be reduced to one of the three forms: 


pul = as, 
E puss bx,+ cx,, (0#c#1+1,a+#0) 
pus= a, 
pul = aay, 
ET, pPus=  bxz— a, (a #0, b* 0) 
pus = Vy, 
pry Sk; 
IV pPuly= ay, (ao) 
ie es: ; 


The squares of these correlations are collineations of Types J, 17, IV 
respectively. 

If the line doubly corresponding to (1, 0, 0) does pass through it, 
the codrdinates [0, 1, 0] may be assigned to this line, and the equa- 
tions of the correlation become 


! 


[pea = Ha 
be 
pul, = 2, of QhyoXy a Hy3%5, (sg - 0, Qs = Aso) 
(232 ’ 
pus ran DsyXy oe AsggXg. 


Equation (2) at the same time reduces to 
@5,(1—p)*= 0, 


and the square of the correlation is always of Type Z//. There are 
thus five types of correlations, the polarity and those whose squares 
are collineations of Types J, LJ, I//, IV. : 


EXERCISES * 


1. The points which lie upon the lines to which they correspond in a.cor- 
relation form a conic section C, and the lines which lie upon the points to 
which they correspond are the tangents to a conic K?. How are C? and K? 
related, in each of the five types of correlations, to one another and to the 
doubly corresponding elements ? 


* On the theory of correlations see Seydewitz, Archiv der Mathematik, 1st series, 
Vol. VIII (1846), p. 32; and Schroter, Journal fiir die reine und a Ni Mathe- 
matik, Vol. LX XVII (1874), p. 105. 
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2. If a line a does not lie upon the point A’ to which it corresponds in a 
correlation, there is a projectivity between the points of a and the points in 
which their corresponding lines meet a. In the case of a polarity this pro- 
jectivity is always an involution. In any other correlation the lines upon 
which this projectivity is involutoric all pass through a unique fixed point O. 
The line o having the dual property corresponds doubly to 0. The double 
points of the involutions on the lines through O are on the conic C?, and the 
double lines of the involutions on the points of K? are tangent to K?. O and o 
are polar with respect to C? and K*. If a correlation determines involutions 
on three nonconcurrent lines, it is a polarity. 

3. The lines of K? through a point P of C? are the line which is transformed 
into P and the line into which P is transformed by the given correlation. 

4. In a polarity C? and K? are the same conic. 

5. A necessary and sufficient condition that a collineation be the product of 
two reflections is the existence of a correlation which is left invariant by the 
collineation.* 


98. Fundamental conic of a polarity in a plane. We have just 
seen that a polarity in a plane is given by the equations 


(i 
Pu SS ee aa A9%, 47 Q13% 55 

(1) pu,= Gs 2+ Aooh Sf UygXs, |a.;| #0 
pu, = = 4,0, + 4,,%, + a,,%,. 


DEFINITION. Two homologous elements of a polarity in a plane are 
called pole and polar, the point being the pole of the line and the 
line being the polar of the point. If two points are so situated that 
one is on the polar of the other, they are said to be conjugate. 

The condition that two points in a plane of a polarity be conju- 
gate is readily derived. In fact, if two points P=(a,, x, #,) and 
P'=(w|, 4, 2) are conjugate, the condition sought is simply that 
the point P’ shall be on the line p’=[wj, w/, uf], the polar of P; ice. 
Ujx{ + Ujey + ujaj=0,. Substituting for w/, w/, uf their values in 
terms of w,, #,, 2, from (1), we obtain the desired condition, viz. : 


(2) yy) XY + M5 Xa + Ase aly + M4, (x, ty + XL, 2 9) 
+ a4, (2,3 ie a) + a5 (2, — 42) = 0. 


As was to be expected, this condition is symmetrical in the codrdi- 
nates of the two points P and P’. By placing x! = x, we obtain the 


* This is a special case of a theorem of Dunham Jackson, Transactions of the 
American Mathematical Society, Vol. X (1909), p. 479. 
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condition that the point P be sel/-conjugate, i.e. that it be on its polar. 
We thus obtain the result: 


THEOREM 8. The self-conjugate points of the polarity (1) are on 
the conic whose equation is 


2 2 2 
(3) GBP + My9%o + Uggs + 2 O1_0,0, + 2 M50, + 2 Ay, 2%, = 0; 
and, conversely, every point of this conic is self-conjugate. 


This conic is called the fundamental conic of the polarity. All of 
its points may be improper, but it can never degenerate, for, if so, 
the determinant |a,| would have to vanish (cf. Ex., p. 187). By 
duality we obtain 


THEOREM 8'. The self-conjugate lines of the polarity (1) are lines 
of the conic 

(4) Aust A, os + A,sug + 2 AU, + 2 A, sUyU, te 2 A, UUs = 0 ) 
and, conversely, every line of this conic is self-conjugate. 


Every point X of the conic (3) corresponds in the polarity (1) to 
the tangent to (3) at X. For if not, a point A of (3) would be polar 
to a line a through 4 and meeting (3) also in a point B. B would 
then be polar to a line } through B, and hence the line a= AB 
would, by the definition of a polarity, be polar to ab = B. This would 
require that a correspond both to A and to B. 

If now we recall that the polar system of a conic constitutes a 
polarity (Theorem 18, Cor., Chap. V) in which all the points and 
lines of the conic, and only these, are self-conjugate, it follows from 
the above that every polarity is given by the polar system of its 
fundamental conic. This and other results following immediately 
from it are contained in the following theorem: 


THEOREM 9. Every polarity is the polar system of a conte, the 
fundamental conic of the polarity. The self-conjugate points are 
the points and the self-conjugate lines are the tangents of this conie. 
Every pole and polar pair are pole and polar with respect to the 
Sundamental conte. 


This establishes that Equation (4) represents the same conic as 
Equation (3). The last theorem may be utilized to develop the ana- 
lytic expressions for poles and polars, and tangents to a conic. This 
we take up in the next section. 
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99. Poles and polars with respect to a conic. Tangents. We 
have seen that the most general equation of a conic in point coor- 
dinates may be written 

(1) @,,2? + 05,07 + a,,03 + 2 0,,%,0,+ 2 0,,2,0,+ 2 0,,0,0,= 0. 

The result. of the preceding section shows that the equation of the 
same conic in line codrdinates is 

(2) A,w?+ A,.w2+ Agus + 2 A,,uu,+ 2 A,u,U,+ 2 Agt,U,= 0, 


where 4,, is the cofactor of a,, in the determinant 








This result may also be stated as follows: 

THEOREM 10. The necessary and sufficient condition that the line 
U,@, + Ut, + u,v, = 0 be tangent to the conic (1) is that Equation (2) 
be satisfied. 
~ CoROLLARY. This condition may also be written in the form 





By, Aig Tyg Uy 
Choy “ag Aan Oe =.(), 
Ws, Ug As, Us 
U, u, u;, 0 


Equation (2) of the preceding section expresses the condition that 
‘the points (%,,:%,, 73) and (a/, x{, %,) Es conjugate with respect to the 
conic (1). If in this equation (2/, 2, x) be supposed given, while 
(x, @,, #,) 18 regarded as variable, this condition is satisfied by all the 
Wee of the polar of (x/, xj, 2) with respect to the conic and by no 
others. It is therefore the equation of this polar. When arranged 


according to the variable coordinates x;,, it becomes 
(3) (a,,%, ap A,X + 0,525) y+ (44,21 + G2 2 Eat i) 
+ (a 13° wy cs Ayo + G1 y,%t) y= 0; 
while if we arrange it according to the codrdinates 2, it becomes 
(4) (4,,” oH Uy 9%o PF M496 Hq) @y + (01%, + B95 Vy + MygX,) Ly 
H+ (Ay, + AysLy + Agg2 b) Xs x, = 0. 


Now it is readily verified that the latter of these equations may 
‘be derived from the equation (1) of the conic by applying to the 
left-hand member of this equation the polar operator 
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! ay sf) c fi 0 

i 0x, ats ox, ae Ou, 
(§ 89) and dividing the resulting equation by 2. Furthermore, if 
we define the symbols sity is wd 
On, Ot, Ox! 
(xj, xj, 24) for (#,, x,, 2,) in the expressions 





to be the result of substituting 
i Ff | of 
an, ” Ox, CX, 
polynomial in 2,, x, #), it is readily seen that HguaGon (3) is 
equivalent to 


(f being any 


gt ant 


of 
aera is On % 


es 5 


where now / is the left-hand member of (1). 
This leads to the following theorem : 


THEOREM 11. Jf f=0 is the equation of a conic in homogeneous 
point codrdinates, the equation of the polar of any point (x/, x, «}) is 
gwen by either of the equations 


ee a eG or ee 


a 
AL ees “1 ax} ee 


2 Xs a 
De ous 





If the point (x|, xj, w}) is a point on the conic, either of these equa- 
tions represents the tangent to the cone f = 0 at this point. 


100. Various definitions of conics. The definition of a (point) 
conic as the locus of the intersections of homologous lines of two 
projective flat pencils in the same plane was first given by Steiner in 
1832 and used about the same time by Chasles. The considerations 
of the preceding sections at once suggest two other methods of defi- 
nition, one synthetic, the other analytic. The former begins by the 
synthetic definition of a polarity (cf. p. 263), and then defines @ point 
conic as the set of all self-conjugate points of a polarity, and a line 
conic as the set of all self-conjugate lines of a polarity. This defini- 
tion was first given by von Staudt in 1847. From it he derived the 
fundamental properties of conics and showed easily that his definition 
is equivalent to Steiner’s. The analytic method is to define a (point) 
conic as the set of all points satisfying any equation of the second 
degree, homogeneous in three variables #,, @,, 2. This definition (at 
least in its nonhomogeneous form) dates back to Descartes and Fermat 
(1637) and the introduction of the notions of analytic geometry. 
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The oldest definition of conics is due to the ancient Greek geometers, who 
defined a conic as the plane section of a circular cone. This definition involves 
metric ideas and hence does not concern us at this point. We will return to it 
later. It is of interest to note in passing, however, that from this definition 
Apollonius (about 200 B.c.) derived a theorem equivalent to the one that the 
equation of a conic in point codrdinates is of the second degree. 


The reader will find it a valuable exercise to derive for himself 
the fundamental properties of polarities synthetically, and thence to 
develop the theory of conics from von Staudt’s definition, at least so 
far as to show that his definition is equivalent to Steiner’s. It may 
be noted that von Staudt’s definition has the advantage over Steiner’s 
of including, without reference to Proposition K,, conics consisting 
entirely of improper points (since there exist polarities which have 
no proper self-conjugate points). The reader may in this connection 
refer to the original work of von Staudt, Die Geometrie der Lage, 
Niirnberg (1847); or to the textbook of Enriques, Vorlesungen tiber 
projective Geometrie, Leipzig (1903). 


EXERCISES 


1. Derive the condition of Theorem 10 directly by imposing the condition 
that the quadratic which determines the intersections of the given line with 
the conic shall have equal roots. What is the dual of this theorem ? 

2. Verify analytically the fundamental properties of poles and polars with 
respect to a conic (Theorems 13-18, Chap. V). 

3. State the dual of Theorem 11. 

4. Show how to construct the correlation between a plane of points and a 
plane of lines, having given the homologous pairs A, a’; B, b’; C, ce’; D, d’. 

5. Show that a correlation between two planes is uniquely determined if 
two pencils of points in one plane are made projective respectively with two 
pencils of lines in the other, provided that in this projectivity the point of 
intersection of the axes of the two pencils of points corresponds to the line 
joining the two centers of the pencils of lines. 

6. Show that in our system of homogeneous point and line coérdinates the 
pairs of points and lines with the same coérdinates are poles and polars with 
respect to the conic r? + 23+ 22= 0. 

7. On a general line of a plane in which a polarity has been defined the 
pairs of conjugate points form an involution the double points of which are 
the (proper or improper) points of intersection of the line with the funda- 
mental conic of the polarity. 

8. A polarity in a plane is completely defined if a self-polar triangle is 
given together with one pole and polar pair of which the point is not on a 
side nor the line on a vertex of the triangle. 
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9. Prove Theorem 3 analytically. 

10. Given a simple plane pentagon, there exists a polarity in which to each 
vertex corresponds the opposite side. 

11. The three points A’, B’, C’ on the sides BC, CA, AB of a triangle that 
are conjugate in a polarity to the vertices A, B, C respectively are collinear 
(cf. Ex. 18, p. 125). 

12. Show that a polarity is completely determined when the two involutions 
of conjugate points on two conjugate lines are given. 

13. Construct the polarity determined by a self-polar triangle A BC and an 
involution of conjugate points on a line. 

14. Construct the polarity determined by two pole and polar pairs A, a and 
B, b and one pair of conjugate points C, C’. 

15. If a triangle STU is self-polar with regard to a conic C, and A is any 
point of C?, there are three triangles having A asa vertex which are inscribed 
’ to C? and circumscribed to S7'U (Sturm, Die Lehre von den geometrischen 
Verwandtschaften, Vol. I, p. 147). 


101. Pairs of conics. If two polarities, ie. two conics (proper or 
improper), are given, their product is a collineation which leaves 
invariant any point or line which has the same polar or pole with 
regard to both conics. Moreover, any point or line which is not left 
invariant by this collineation must have different polars or poles 
with regard to the two conics. Hence the points and lines which 
have the same polars and poles with regard to two conics in the 
same plane form one of the five invariant figures of a nonidentical 
collineation. 

Type I. If the common self-polar figure of the two conics is of 
Type J, it is a self-polar triangle for both conics. Since any two conics 
are projectively equivalent (Theorem 9, Chap. VIII), the codrdinate 
system may be so chosen that the equation of one of the conics, A’, is 


(1) xi—ave+ x= 0. 
With regard to this conic the triangle (0, 0, 1), (0, 1, 0), (1, 0, 0) is 
self-polar. The general equation of a conic with respect to which this 
triangle is self-polar is clearly 

(2) A, ep — A,ts + a,x; = 0. 
An equation of the form (2) may therefore be taken as the equation 


of the other conic, B’, if (1) and (2) have no other common self-polar 
elements than the fundamental triangle. Consider the set of conics 


(3) Oty — Agity + Ayes +r (ay — ay + x5) = 0. 
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The codrdinates of any point which satisfy (1) and (2) also satisfy (3). 
Hence all conics (3) pass through the points common to A’ and B’. 
For the value \=—a,, (3) gives the pair of lines 


(4) (4, — 4,) xf — (a,— a,) = 0, 


which intersect in (0, 0, 1). The points of intersection of these lines 
with (1) are common to all the conics (3). 

The lines (4) are distinct, unless a,=a, or a4,=a,. But if a,=4,, 
any point (x/, 0, z/) on the line z,=0 has the polar z/z,+a,7,=0 
both with regard to (1) and with regard to (2). The self sale fone 
is therefore of Type JV. In order that this figure be of Type J, the 
three numbers a,, @,, a, must all be distinct. If this condition is 
satisfied, the lines (4) meet the conics (3) in four distinct points. 








0 (1.00). 


10 


Fie. 100 


The actual construction of the points is now a problem of the second 
degree. We have thus established (fig. 100) 


TuEorEM 12. If two conics have a common self-polar triangle (and 
no other common self-polar pair of point and line), they intersect in 
Jour distinct points (proper or improper). Any two conics of the 
pencil determined by these points have the same self-polar triangle. 
Dually, two such conics have four common tangents, and any two 
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conics of the range determined by these common tangents have the same 
self-polar triangle. 

CoROLLARY. Any pencil of conics of Type I can be represented by * 

(5) (ay — %z) + (a — 3) = 0, 
the four common points being in this case (tp sd, 1d, = 1); 
and (—1,1, 1). 

Type II. When the 
common self-polar figure 
is of Type J/, one of the 
points lies on its polar, 
and therefore this polar is 
a tangent to each of the 
conics A”, B?. Since two 
tangents cannot intersect 
in a point of contact, the 
two lines of the self-polar 
figure are not both tan- 
gents. Hence the point B Fic. 101 
of the self-polar figure 
which is on only one of the lines is the pole ot the line b of the figure 
which is on only one of the points (fig. 101), and the line a on the two 
points is tangent to both conics at the point A which is on the two lines. 

Choose a system of codrdinates with A=(1, 0, 0), a=[0, 0, 1], 
B=(0, 1, 0), and b=[0, 1, 0]. The equation of any conic being 





2 ce 5 
A,07+ 0,02 + a,ng+ 2 b,0,0,+ 2 b,0,x,+ 2 b,0,x,= 0, 


the condition that 4 be on the conic is 7, =0; that @ then be tan- 
gent is b},=0; that d then be the polar of B is 6,=0. Hence the 
general equation of a conic with the given self-polar figure is 


(6) A,02 + a,c; + 2 b,0,0,= 0. 


* Equation (5) is typical for a pencil of conics of Type J, and Theorem 12 is a 
sort of converse to the developments of § 47, Chap. V. The reader will note that 
if the problem of finding the points of intersection of two conics is set up directly, 
it is of the fourth degree, but that it is here reduced toa problem of the third 
degree (the determination of a common self-polar triangle) followed by two quad- 
ratic constructions. This corresponds to the well-known solution of the general 
biquadratic equation (cf. Fine, College Algebra, p. 486). For a further discussion 
of the analytic geometry of pencils of conics, cf. Clebsch-Lindemann, Vorlesungen 
iiber Geometrie, 2d ed., Vol, I, Part I (1906), pp. 212 ff, 
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Since any two conics are projectively equivalent, 4° may be chosen 
to be 

(7) Le+ xf+22,0,= 0. 
The equation of B? then has the form (6), with the condition that 
the two conics have no other common self-polar elements. Since the 
figure in which a@ is polar to A and b to B can only reduce to Types 
IV or V, we must determine under what conditions each point on @ 
or each point on 6 has the same polar with regard to (6) and (7). 


The polar of (xj, «J, x) with regard to (6) is given by 


/ ! ! [ne eee 
ALL, + gl, 0, + 6,0,2, + 6,0, 0, = 0. 


Hence the first case can arise only if a,=b,; and the second only 
iia... 

Introducing the condition that a,, a,, b, are all distinct, it is then 
clear that the set of conics 


Ate + ae + 2 b,0,2,+ rA(a{ + aej+ 2 x,2,)=0 
contains a line pair for X= —a,, viz. the lines 
(4, — y) 3 + 2 (b,— az) @,0, = 0. 


Hence the conics have in common the points of intersection with (7) 
of the line 

(4,—G,)X,+ 2(b,— a,) 2, = 0. 
This gives 

THEOREM 13. Jf two conics have a common self-polar figure of 
Type IT, they have three points in common and a common tangent at 
one of them. Dually, they have three common tangents and a common 
point of contact on one of the tangents. The two conics determine a 
pencil and also a range of conics of Type II. 

CoROLLARY. Any pencil of conics of Type IIT may be represented 
by the equation x{—a}+rx,2,=0. The conics of this pencil all pass 
through the points (0, 1, 1), (0, 1, —1), (1, 0, 0) and are tangent to 
x, = 0. 

Type III. When the common self-polar figure is of Type Z/TJ, the 
two conics evidently have a common tangent and a common point 
of contact, and only one of each. Let the common tangent be #,=0, 
its point of contact be (1, 0, 0), and let 4? be given by 


(8) e+ 2 2,2, = 0. 
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The general equation of a conic tangent to z,=0 at (1, 0, 0) is 
(9) Up) + O03 + 2 6,24, + 2 b,2,2, = 0, 


with regard to which the polar of any point (x/, J, 0) on 2,=0 is 
given by 
(10) Qik, Ly 60,0, + Oto, = 0. 


This will be Va ae with the polar of (a{, zJ, 0) with regard to 4? 
for all values of xy, ¢1, if b, =a, and 6,=0. Since (1,0, 0) only is to 
have the same polar with regard to both conics, we impose at least: 
one of the conditions 6,#a,, 6,#0. The line (10) will now be 
identical with the polar of (8) for any Po (x{, #{, 0) satisfying the 


condition ; 
Lo sy De 


Ha bal + bx! 


This quadratic equation must have only one root if the self-polar figure 
is to be of Type J//. This requires 6,= a,, and as b,, a, cannot both 
be 0 unless (9) degenerates, the equation of B’ can be taken as 


(11) B+ 2 20, 4+ aa; +2 b,x,0,= 0, (b, # 0). 


The conics (8) and (11) now evidently have in common the points of 
intersection of (8) with the 
line pair 

G0. 4-2 byz,2, = 0, 


and no other points. Since 
x,= 0 is a tangent, this gives 
two common points. If the 
second common point is taken A=(100) a=[001] 
to be. (0, 0, 1), the set of 
conics which have in com- 
mon the points (0, 0, 1) and (1, 0, 0) =A and the tangent a at 4, 
and no other points, may be written (fig. 102) 





Fic. 102 


(12) LA+ 2 2,0, + A2,0, = 0. 


TuEorEM 14. Jf two conics have a common self-polar figure of 
Type ITT, they have two points in common and a common tangent 
at one of them, and one other common tangent. They determine a 
pencil and a range of conics of Type ILL. 
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CoroLiaRy. A pencil of conics of Type III can be represented by 
the equation x; + 2 a,2,+)rx,%,= 0. 

Type IV. When the common self-polar figure is of Type 7V, let the 
line of fixed points be z,=0 and its pole be (0, 0, 1). The coordinates 
being chosen as they were for Type J, the conic A* has the equation 


2 2 i . 
Li — atZ+ x =0; 


and any other conic having in common with A* the self-polar tri- 
angle (1, 0, 0), (0, 1, 0), (0, 0, 1) has an equation of the form 


2 2 a 
a, 2) +0,0; + a7, = 0. 


The condition that every point on z,=0 shall have the same polar 
with regard to this conic as with regard to A’ is a4,=—a,. Hence B 
may be written ee Ee ey 
Any conic of this form has the same tangents as A” at the points 
(1, 1, 0) and (1, —1, 0) (fig. 103). Hence, if X is a variable parameter, 
the last equation represents 
a pencil of conics of Type JV 
according to the classification 
previously made. 
THEOREM 15. Jf two conics 
have a common self-polar 
Jigure of Type IV, they have 


two points in common and 
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the tangents at these points. 
They determine a pencil (which is also a range) of conics of Type IV. 
CorotLary. A pencil of conics of Type IV may be represented by 


the equation mn * 
ey — 73 +rAxz2= 0; 


and also by the equation 
Ly + Awe, = 0. 

Type V. When the common self-polar figure is of Type V, let the 
point of fixed lines be (1, 0, 0) and the line of fixed points be a, = 0. 
As in Type J/J, let A* be given by 

(8) te + 2 om, = 0; 


We have seen, in the discussion of that type, that all points of x, =0 
have the same polars with respect to (8) and (9), if in (9) we have 
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b,=a, and 6,=0. Hence, if A? and B? are to have a common self- 
polar figure of Type V, the equation of B? must have the form 


(13) a,(aj+ 2 #,2,)+ a,x; = 0. 


From the form of equations (8) and 

(18) it is evident that the conics have 

in common only the point (1, 0,0) and 

the tangent x, = 0,and that every point 

on #,= 0 has the same polar with re- = [991] A=(100) 
spect to both conics (fig. 104). Hence 
they determine a pencil of Type V. 


Fie. 104 


THEOREM 16. Jf two conics have a common self-polar figure of 
Type V, they have a lineal element (and no other elements) in com- 
mon and determine a pencil (which is also a range) of conics of 
Type V according to the classification already given. 

COROLLARY. A pencil of conics of Type V can be represented by the 
equation 
d Le + 2 HL, + ray = 0. 

As an immediate consequence of the corollaries of Theorems 12-16 
we have 

THEOREM 17. Any pencil of conics may be written in the form 


f+rg= 9, 
where f=0 and g=0 are the equations of two conics (degenerate or 
not) of the pencil. 


EXERCISES 


1. Prove analytically that the polars of a point P with respect to the 
conics of a pencil all pass through a point Q. The points P and Q are double 
points of the involution determined by the conics of the pencil on the line PQ. 
Give a linear construction for Q (cf. Ex. 3, p. 136). The correspondence 
obtained by letting every point P correspond to the associated point Q is a 
<¢quadratic birational transformation.’’? Determine the equations representing 
this transformation. The point Q, which is conjugate to P with regard to all 
the conics of the pencil, is called the conjugate of P with respect to the pencil. 
The locus of the conjugates of the points of a line with regard to a pencil of 
conics is a conic (cf. Ex. 31, p. 140). 

2. One and only one conic passes through four given points and has two 
given points as conjugate points, provided the two given points are not con- 
jugate with respect to all the conics of the pencil determined by the given 
set of four. Show how to construct this conic. 
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3. One conic in general, or a pencil of conics in a special case, passes 
through three given points and has two given pairs of points as conjugate 
points. Give the construction. 

4. One conic in general, or a pencil of conics in a special case, passes 
through two given points and has three pairs of given points as conjugate 
points ; or passes through a given point and has four pairs of given points as 
conjugate points; or has five given pairs of conjugate points. Give the cor- 
responding constructions for each case, 


102. Problems of the third and fourth degrees.* The problem of 
constructing the points of intersection of two conics in the same 
plane is, in general, of the fourth degree according to the classifi- 
cation of geometric problems described in § 83. Indeed, if one of 
the codrdinates be eliminated between the equations of two conics, 
the resulting equation is, in general, an irreducible equation of the 
fourth degree. Moreover, a little consideration will show that any 
equation of the fourth degree may be obtained in this way. It 
results that every problem of the fourth degree in a plane may 
be reduced to the problem of constructing the common points (or 
by duality the common tangents) of two conics. Further, the prob- 
lem of finding the remaining intersections of two conics in a plane 
of which one point of intersection is given, is readily seen to be of 
the third degree, in general; and any problem of this degree can be 
reduced to that of finding the remaining intersections of two conics 
of which one point of intersection is known. It follows that any 
problem of the third or fourth degree in a plane may be reduced 
to that of finding the common elements of two conics in the 
plane.} 

A problem of the fourth (or third) degree cannot therefore be 
solved by the methods sufficient for the solution of problems of the 
first and second degrees (straight edge and compass).¢ In the case 
of problems of the second degree we have seen that any such prob- 
lem could be solved by linear constructions if the intersections of 


* In this section we have made use of Amodeo, Lezioni di Geometria Projettiva, 
pp. 436, 437. Some of the exercises are taken from the same book, pp. 448-451. 

+t Moreover, we have seen (p, 289, footnote) that any problem of the fourth 
degree may be reduced to one of the third degree, followed by two of the second 
degree. 

¢ With the usual representation of the ordinary real geometry we should require 
an instrument to draw conics. 
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every line in the plane with a fixed conic in that plane were assumed 
known. Similarly, any problem of the fourth (or third) degree can 
be solved by linear and quadratic constructions if the intersections 
of every conic in the plane with a fixed conic in this plane are 
assumed known. This follows readily from the fact that any conic 
in the plane can be transformed by linear constructions into the 
fixed conic. A problem of the third or fourth degree in a plane 
will then, in the future, be considered solved if it has been reduced 
to the finding of the intersections of two conics, combined with 
any linear or quadratic constructions. As a typical problem of the 
third degree, for example, we give the following: 


To find the double points of a nonperspective collineation in a plane 
which is determined by four pairs of homologous points. 


Solution. When four pairs of homologous elements are given, we 
can construct linearly the point or line homologous with any given 
point or line in the plane. Let the collineation be represented by H, 
and let A be any point of the plane which is not on an invariant 
line. Let II (A)=A! and II(4')=A". The points A, 4’, A” are then 
not collinear. The pencil of lines at Zz 
A is projective with the pencil at 
A', and these two projective pencils 
generate a conic C* which passes 
through all the double points of II, 
and which is tangent at A’ to the A” 
line A’A" (fig. 105). The conic C? is 
transformed by the collineation II 
into a conic C? generated by the pro- 
jective pencils of lines at A’ and A”. 
C? also passes through 4! and is tangent at this point to the line 
AA'. The double points of II are also points of C7. The point 4’ 
is not a double point of II by hypothesis. It is evident, however, 
that every other point common to the two conics C* and C/ is a 


[AG 


Fie. 105 


double point. 

If C? and C? intersect again in three distinct points L, M, N, the 
latter form a triangle and the collineation is of Type Z| If C* and C? 
intersect in a point N, distinct from 4’, and are tangent to each other 
at a third point Z=M, the collineation has M, N for double points 
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and the line MN and the common tangent at M for double lines 
(fig. 106); it is then of Type ZZ. If, finally, the two conics have 
contact of the second order at a point L= M=WN, distinct from A’, 
the collineation has the single double line which is tangent to the 
conics at this point, and is of Type J// (fig. 107). 





A 
L=M L=M=N 
Fic. 106 Fic. 107 


EXERCISES 


1. Give a discussion of the problem above without making at the outset 
the hypothesis that the collineation is nonperspective. 

2. Construct the double pairs of a correlation in the plane, which is not 
a polarity. 

3. Given two polarities in a plane, construct their common pole and 
polar pairs. 

4. On a line tangent to a conic at a point 4 is given an involution I, and 
from any pair of conjugates P, P’ of I are drawn the second tangents p, p’ to 
the conic, their points of contact being Q, Q’ respectively. Show that the locus 
of the point pp’ is a line, /, passing through the conjugate, A’, of A in the invo- 
lution I; and that the line QQ’ passes through the pole of 2 with respect to 
the conic. 

5. Construct the conic which is tangent at two points to a given conic and 
which passes through three given points. Dualize. 

6. The lines joining pairs of homologous points of a noninvolutorie pro- 
jectivity on a conic A? are tangent to a second conic B? which is tangent to 
A? at two points, or which hyperosculates 42. 

7. A pencil of conics of Type JJ is determined by three points A, B, C 
and a line c through C. What is the locus of the points of contact of the 
conics of the pencil with the tangents drawn from a given point P of ¢? 

8. Construct the conics which pass through a given point P and which are 
tangent at two points to each of two given conics. 

9. If f=0, g=0,h=0 are the equations of three conics in a plane not 
belonging to the same pencil, the system of conics given by the equation 


Af + pg + vh = 0, 
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X, #, v being variable parameters, is called a bundle of conics. Through every 
point of the plane passes a pencil of conics belonging to this bundle ; through 
any two distinct points passes in general one and only one conic of the bundle. 
If the conics f, g, h have a point in common, this point is common to all the 
conics of the bundle. Give a nonalgebraic definition of a bundle of conics. 

10. The set of all conics in a plane passing through the vertices of a triangle 
form a bundle. If the equations of the sides of this triangle are 1 = 0, m = 0, 
n = 0, show that the bundle may be represented by the equation 


Amn + pnl + yim = 0, 


What are the degenerate conics of this bundle ?* 

11. The set of all conics in a plane which have a given triangle as a self- 
polar triangle forms a bundle. If the equations of the sides of this triangle are 
1=0,m=0,n=0, show that the bundle may be represented by the equation 


AZ + pm + yn? = 0. 


What are the degenerate conics of this bundle? 

12. The conics of the bundle described in Ex. 11 which pass through a 
general point P of the plane pass through the other three vertices of the 
quadrangle, of which one vertex is P and of which the given triangle is the 
diagonal triangle. What happens when P is on a side of the given triangle? 
Dualize. 

13. The reflections whose centers and axes are the vertices and opposite 
sides of a triangle form a commutative group. Any point of the plane not 
on a side of the triangle is transformed by the operations of this group into 
the other three vertices of a complete quadrangle of which the given triangle 
is the diagonal triangle. If this triangle is taken as the reference triangle, 
what are the equations of transformation? What conics are transformed into 
themselves by the group, and how is it associated with the quadrangle- 
quadrilateral configuration ? 

14. The necessary and sufficient condition that two reflections be com- 
mutative is that the center of each shall be on the axis of the other. 

15. The invariant figure of a collineation may be regarded as composed of 
two lineal elements, the five types corresponding to various special relations 
between the two lineal elements. 

16. A correlation which transforms a lineal element Aa into a lineal 
element Bb and also transforms Bb into Aa is a polarity. 

17. How many collineations and correlations are in the group generated 
by the reflections whose centers and axes are the vertices and opposite sides 
of a triangle and a polarity with regard to which the triangle is self-polar? 


* In connection with this and the two following exercises, cf. Castelnuovo, 
Lezioni di Geometria Analitica e Projettiva, Vol. I, p. 395. 


CHAPTER XI* 
FAMILIES OF LINES 


103. The regulus. The following theorem, on which depends the 
existence of the figures to be studied in this chapter, is logically 
equivalent (in the presence of Assump- 
tions A and E) to Assumption P. It 
might have been used to replace that 
assumption. 


THEOREM 1. Jf l,, 1,, 1, are three 
mutually skew lines, and if m,, M,, Mg, 
m, are four lines each of which meets 
each of the lines l,,1,,1,, then any line l, 
which meets three of the lines m,, mg, 


m,, m, also meets the fourth. 


Proof. The four planes l,m,, lm,, 
Lm,, l,m, of the pencil with axis /, are 
perspective through the pencil of points 
on J, with the four planes J,m,, l,m,, 
lm,, lm, of the pencil with axis J, 
(fig. 108). For, by hypothesis, the lines 
of intersection m,, m,, m,, m, of the 
pairs of homologous planes all meet /,. 
The set of four points in which the four planes of the pencil on /, 
meet /, is therefore projective with the set of four points in which 
the four planes of the pencil on /, meet /,. But /, meets three of the 
pairs of homologous planes in points of their lines of intersection, 
since, by hypothesis, it meets three of the lines m,, m,, m,,m,. Hence 
in the projectivity on 7, there are three invariant points, and hence 
(Assumption P) every point is invariant. Hence J, meets the remain- 
ing line of the set m,, m,, mg, m,. 





Fie. 108 


* All the developments of this chapter are on the basis of Assumptions A, E, P, Ho. 
But see the exercise on page 261. 
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DeEFIniTIon. If /,, /,, 7, are three lines no two of which are in the 
same plane, the set of all lines which meet each of the three given lines 
is called a regulus. The lines J,,/,,/, are called directrices of this regulus. 

It is clear that no two lines of a regulus can intersect, for other- 
wise two of the directrices would lie in a plane. The next theorem 
follows at once from the definition. 


THEOREM 2. Jf 1,, l,, 1, are three lines of a regulus of which 
M4, M,, Mm, are directrices, m,,m,, m, are lines of the regulus of which 


Liat 


yp “2 

It follows that any three lines no two of which lie in a plane are 
directrices of one and only one regulus and are lines of one and only 
one regulus. 

DEFINITION. Two reguli which are such that every line of one 
meets all the lines of the other are said to be conjugate. The lines of 
a regulus are called its generators or rulers ; the lines of a conjugate 
regulus are called the directrices of the given regulus. 


l, are directrices. 


THEOREM 3. Every reqgulus has one and only one conjugate regulus. 
This follows immediately from the preceding. Also from the proof 
of Theorem 1 we have 


THEOREM 4. The correspondence THEOREM 4’. The correspond- 


established by the lines of a regu- 
lus between the points of two lines 
of its conjugate regulus is projec- 
tive. 

THEOREM 5. The set of all lines 
joining pairs of homologous points 
of two projective pencils of points 
on skew lines is a requlus. 


ence established by the lines of a 
requlus between the planes on any 
two lines of its conjugate regulus 
as projective. 

THEOREM 5’. The set of all lines of 
intersection of pairs of homologous 
planes of two projective pencils of 
planes on skew lines is a regulus. 


Proof. We may confine ourselves to the proof of the theorem on 


the left. By Theorem 6, Chap. III, the two pencils of points are 
perspective through a pencil of planes. Every line joining a pair of 
homologous points of these two pencils, therefore, meets the axis of 
the pencil of planes. Hence all these lines meet three (necessarily 
skew) lines, namely the axes of the two pencils of points and of the 
pencil of planes, and therefore satisfy the definition of a regulus. 
Moreover, every line which meets these three lines joins a pair of 
homologous points of the two pencils of points. 
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TuEorEM 6. Jf [p] are the lines of a regulus and q is a directrix 
of the regulus, the pencil of points q[p] is projective with the pencil 
of planes q| Pp]. 

Proof. Let q' be any other directrix. By Theorem 4 the pencil of 
points g[p] is perspective with the pencil of points q/[p]. But each 
of the points of this pencil lies on the corresponding plane gp. 
Hence the pencil of points q/[p] is also perspective with the pencil 


of planes g[p]. 


EXERCISES 


1. Every point which is on a line of a regulus is also on a line of its 
conjugate regulus. 

2. A plane which contains one line of a regulus contains also a line of its 
conjugate regulus. 

3. Show that a regulus is uniquely defined by two of its lines and three 
of its points,* provided no two of the latter are coplanar with either of the 
given lines. 

4. If four lines of a regulus cut any line of the conjugate regulus in points 
of a harmonic set, they are cut by every such line in points of a harmonic 
set. Hence give a construction for the harmonic conjugate of a line of a 
regulus with respect to two other lines of the regulus. 

5. Two distinct reguli can have in common at most two distinct lines. 

6. Show how to construct a regulus haying in common with a given 
regulus one and but one ruler. 


104. The polar system of a regulus. A plane meets every line of 
a regulus in a point, unless it contains a line of the regulus in which 
case it meets all the other lines in points that are collinear. Since 
the regulus may be thought of as the lines of intersection of pairs of 
homologous planes of two projective axial pencils (Theorem 5’), the 
section by a plane consists of the points of intersection of pairs of 
homologous lines of two projective flat pencils. Hence the section 
of a regulus by a plane is a point conic, and the conjugate regulus 
has the same section. By duality the projection of a regulus and its 
conjugate from any point is a cone of planes. 

The last remark implies that a line conic is the « picture ’’ in a plane of 
a regulus and its conjugate. For such a picture is clearly a plane section of 


the projection of the object depicted from the eye of an observer. Fig. 108 
illustrates this fact. 


* By a point of a regulus is meant any point on a line of the regulus. 
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The section of a regulus by a plane containing a line of the regu- 
lus is a degenerate conic of two lines. The plane section can never 
degenerate into two coincident lines because the lines of a regulus 
and its conjugate are distinct from each other. In like manner, the 
projection from a point on a line of the regulus is a degenerate cone 
of planes consisting of two pencils of planes whose axes are a ruler 
and a directrix of the regulus. 

DeFINITION. The class of all points on the lines of a regulus is 
called a surface of the second order or a quadric surface. The planes 
on the lines of the regulus are called the tangent planes of the sur- 
face or of the regulus. The point of intersection of the two lines of 
the regulus and its conjugate in a tangent plane is called the point 
of contact of the plane. The lines through the point of contact in a 
tangent plane are called tangent lines, and the point of contact of the 
plane is also the point of contact of any tangent line. 

The tangent lines at a point of a quadric surface include the lines 
of the two conjugate reguli through this point and all other lines 
through this point which meet the surface in no other point. Any 
other line, of course, meets the surface in two or no points, since a 
plane through the line meets the surface in a conic. The tangent 
lines are, by duality, also the lines through each of which passes only 
one tangent plane to the surface. 

THEOREM 7. The tangent planes at the points of a plane section of 
a quadric surface pass through a point and constitute a cone of planes. 
Dually, the points of contact of the cone of tangent planes through « 
point are coplanar and form a point conic. 

Proof. Yt will suffice to prove the latter of these two dual theorems. 
Let the vertex P of the cone of tangent planes be not a point of the 
surface. Consider three tangent planes through P, and their points of 
contact. The three lines from these points of contact to P are tan- 
gent lines of the surface and hence there is only one tangent plane 
through each of them. Hence they are lines of the cone of lines asso- 
ciated with the cone of tangent planes. Let 7 be the plane through 
their points of contact. The section by m of the cone of planes through 
P is therefore the conic determined by the three points of contact 
and the two tangent lines in which two of the tangent planes meet 
7. The plane 7, however, meets the regulus in a conic of which the 
three points of contact are points. The two lines of intersection with 
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a of two of the tangent planes through P are tangents to this conic, 
because they cannot meet it in more than one point each. The section 
of the surface and the section of the cone of planes then have three 
points and the tangents through two of them in common. Hence these 
sections are identical, which proves the theorem when P is not on 
the surface. 

If P is on the surface, the cone of planes degenerates into two lines 
of the surface (or the pencils of planes on these lines), and the points 
of contact of these planes are all on the same two lines. Hence the 
theorem is true also in this case. 

DeFINitTion. If a point P and a plane 7 are so related to a regulus 
that all the tangent planes to the regulus at points of its section 
by 7 pass through P (and hence all the points of contact of tangent 
planes through P are on 7), then P is called the pole of 7 and mw the 
polar of P with respect to the regulus. 

CoroLLaRY. A tangent plane to a regulus is the polar of its point 
of contact. 

THEOREM 8. The polar of a point P not on a regulus contains all 
points P! such that the line PP' meets the surface in two points which 
are harmonic conjugates with respect to P, P.! 

Proof. Consider a plane, @, through PP’ and containing two lines 
a, b of the cone of tangent lines through P. This plane meets the 
surface in a conic C?, to which the lines a, } are tangent. As the polar 
plane of P contains the points of contact of @ and 3, its section by @ 
is the polar of P with respect to C%. Hence the theorem follows 
as a consequence of Theorem 13, Chap. V. 

THEOREM 9. The polar of a point of a plane r with respect to a 
regulus meets 1 in the polar line of this point with regard to the conic 
which is the section of the regulus by wr. 


Proof. By Theorem 8 the line in which the polar plane meets a 
has the characteristic property of the polar line with respect to a conic 
(Theorem 13, Chap. V). This argument applies equally well if the 
conic is degenerate. In this case the theorem reduces to the following 


CoroLLaRy. The tangent lines of a regulus at a point on it are 
paired in an involution the double lines of which are the ruler and 
directrix through that point. Each line of a pair contains the polar 
points of all the planes on the other line. 
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THEOREM 10. Zhe polars with regard to a regulus of the points of 
a line l are an axial pencil of planes projective with the pencil of 
points on I, 


Proof. In case the given line is a line of the regulus this reduces 
to Theorem 6. In any other case consider two planes through 7. In 
each plane the polars of the points of / determine a pencil of lines 
projective with the range on /. Hence the polars must all meet the 
line joining the centers of these two pencils of lines, and, being per- 
spective with either of these pencils of lines, are projective with the 
range on J. 

Derinition. A line /’ is polar to a line / if the polar planes of the 
points of / meet on /’. A line is conjugate to J if it meets //. A point 
P' is conjugate to a point P if it is on the polar of P. A line p is 
conjugate to P if it is on the polar of P. A plane 7’ is conjugate to 
a plane 7 if 7’ is on the pole of 7. A line p is conjugate to w if it 
is on the pole of 7. 


EXERCISES 


Polar points and planes with respect to a regulus are denoted by corresponding 
capital Roman and small Greek letters. Conjugate elements of the same kind are 
denoted by the same letters with primes. 


1. If 7 is on R, then P is on p. 

2. If / is polar to /, then /is polar to J. 

3. If one element (point, line, or plane) is conjugate to a second element, 
then the second element is conjugate to the first. 

4. If two lines intersect, their two polar lines intersect. 

5. A ruler or a directrix of a regulus is polar to itself. A tangent line is 
polar to its harmonic conjugate with regard to the ruler and directrix through 
its point of contact. Any other line is skew to its polar. 

6. The points of two polar lines are conjugate. 

7. The pairs of conjugate points (or planes) on any line form an involu- 
tion the double points (planes) of which (if existent) are on the regulus. 

8. The conjugate lines in a flat pencil of which neither the center nor the 
plane is on the regulus form an involution. 

9. The line of intersection of two tangent planes is polar to the line 
joining the two points of contact. 

10. A line of the regulus which meets one of two polar lines meets the other. 

11. Two one- or two-dimensional forms whose bases are not conjugate or 
polar are projective if conjugate elements correspond. 

12. A line 7 is conjugate to /’ if and only if some plane on / is polar to 
some point on /’, 
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13. Show that there are two (proper or improper) lines r, s meeting two 
given lines and conjugate to them both. Show also that r is the polar of s. 

14. If a,b,c are three generators of a regulus and a’, }’, c’ three of the con- 
jugate regulus, then the three diagonal lines joining the points 

(bc’) and (b’c), 
_ (c’a) and (ca’), 
(ab’) and (a’b) 
meet in a point S which is the pole of a plane containing the lines of intersec- 
tion of the pairs of tangent planes at the same vertices. 

15. The six lines a, b, c, a’, b’, c’ of Ex. 14 determine the following trios 
of simple hexagons 

(be’ab’ca’), (ba’ac’ch’), (bb’aa‘cc’), 

(be’aa’ch’), (bb’ac’ca’), (ba’ab’cc’). 
The points S determined by each trio of hexagons are collinear, and the two 
lines on which they lie are polar with regard to the quadric surface.* 

16. The section of the figure of Ex. 14 by a plane leads to the Pascal 
and Brianchon theorems; and, in like manner, Ex. 15 leads to the theorem 
that the 60 Pascal lines corresponding to the 60 simple hexagons formed 
from 6 points of a conic meet by threes in 20 points which constitute 10 
pairs of points conjugate with regard to the conic (cf. Ex. 19, p. 138). 


105. Projective conics. Consider two sections of a regulus by 
planes which are not tangent to it. These two conics are both per- 
spective with any axial pencil of a pair of axial pencils which generate 
the regulus (cf. § 76, Chap. VIII). The correspondence established 
between the conics by letting correspond pairs of points which lie on 
the same ruler is therefore projective. On the line of intersection, J, 
of the two planes, if it is not a tangent line, the two conics determine 
the same involution I of conjugate points. Hence, if one of them inter- 
sects this line in two points, they have these two points in common. 
If one is tangent, they have one common point and one common 
tangent. The projectivity between the two conics fully determines a 
projectivity between their planes in which the line / is transformed 
into itself. The involution I belongs to the projectivity thus deter- 
mined on J. The converse of these statements leads to a theorem 
which is exemplified in the familiar string models: 

THEOREM 11. The lines joining corresponding points of two pro- 
jective conics in different planes form a regulus, provided the two 


conics determine the same involution, 1, of conjugate points on the 


* Cf. Sannia, Lezioni di Geometria Projettiva (Naples, 1895), pp. 262-263. 
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line of intersection, 1, of the two planes; and provided the collineation 
between the two planes determined by the correspondence of the conics 
transforms 1 into itself by a projectivity to which I belongs (in par- 
ticular, if the conics meet in two points which are self-corresponding 
in the projectivity). 

Proof. Let LZ be the pole with regard to one conic of the line of 
intersection, /, of the two planes (fig. 109). Let A and B be two 
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points of this conic collinear with Z and not on /. The conic is gen- 
erated by the two pencils A[P] and B[P’] where P and P’ are con- 
jugates in the involution I on / (cf. Ex. 1, p. 137). Let A and 
B be the points homologous to 4 and B on the second conic, and let 
A be the point in which the second conic is met by the plane con- 
taining 4, A, and the tangent at 4; and let B be the point in which 
the second conic is met by the plane of B, B, and the tangent at B. 
The line 4B contains the pole of / with regard to the second conic 
because this line is projective with AB. Since the tangents to the 
first conic at A and B meet on J, the complete quadrangle 44 BB has 


one diagonal point, the intersection of 44 and BB, on /; hence the 
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opposite side of the diagonal triangle passes through the pole of /. 
Hence it intersects AB in the pole of /. But the intersection of AB 
with AB is on this diagonal line. Hence AB meets AB in the pole 
of /. Hence the pencils A[P] and BP’ generate the second conic. 


Hence, denoting by a and d the lines 44 and BB, the pencils of planes 
a[P] and b[P’] are projective and generate a regulus of which the 
two conics are sections. 

The projectivity between the planes of the two conics established 
by this regulus transforms the line / into itself by a projectivity to 
which the involution I belongs and makes the point 4 correspond 
to A. The projectivity between two conics is fully determined by 
these conditions (cf. Theorem 12, Cor. 1, Chap. VIII). Hence the 
lines of the regulus constructed above join homologous points in the 
given projectivity. Q.E.D. 

It should be observed that if the two conics are tangent to /, the 
projectivity on / fully determines the projectivity between the two 
conics. For if a point P of 7 corresponds to a point Q of /, the unique 
tangent other than / through FP to the first conic must correspond to 
the tangent to the second conic from Q. If the projectivity between 
the two conics is to generate a regulus, the projectivity on 7 must be 
parabolic with the double point at the point of contact of the conics 
with /. For if another point D is a double point of the projectivity 
on /, the plane of the tangents other than /, through D to the two 
conics meets each conic in one and only one point, and, as these 
points are homologous, contains a straight line of the locus generated. 
As this plane contains only one point on either conic, it meets the 
locus in only one line, whereas a plane meeting a regulus in one 
line meets it also in another distinct line. 

Since the parabolic projectivity on / is fully determined by the 
double point and one pair of homologous points, the projectivity be- 
tween the two conics is fully determined by the correspondent of one 
point, not on /, of the first conic. 

To show that a projectivity between the two conics which is para- 
bolic on 7 does generate a regulus, let 4A be any point of the first 
conic and 4! its correspondent on the second (fig. 110). Let the 
plane of A’ and the tangent at A meet the second conic in A”. 
Denote the common point of the two conics by B, and consider the 
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two conics as generated by the flat pencils at 4 and B and at A” 
and B. The correspondence established between the two flat pencile 
at B by letting correspond lines joining B to homologous points ot 
the two conics is perspective because the line / corresponds to itself. 
Hence there is a pencil of 
planes whose axis, 0, passes 
through Band whose planes 
contain homologous pairs 
of lines of the flat pencils 
at B. The correspondence 
established in like manner 
between the flat pencil at 4 
and the flat pencil at A" may 
be regarded as the product 
of the projectivity between 
the two planes, which car- 
ries the pencil at 4 to the 
pencil at 4’, followed by 
the projectivity between the 
pencils at A’ and A” generated by the second conic. Both of these 
projectivities determine parabolic projectivities on / with B as inva- 
riant point. Hence their product determines on / either a parabolic 
projectivity with B as invariant point or the identity. This product 
transforms the tangent at 4 into the line AA’. As these lines meet 
1 in the same point, the projectivity determined on / is the identity. 
Hence corresponding lines of the projective pencils at A and A” meet 
on J, and hence they determine a pencil of planes whose axis is a = AA". 

The axial pencils on a and 0 are projective and hence generate a 
regulus the lines of which, by construction, pass through homologous 
points of the two conics. We are therefore able to supplement 
Theorem 11 by the following 
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CoroLuary 1. The lines joining corresponding points of two pro- 
jective conics in different planes form a regulus, if the two conics 
have a common tangent and point of contact and the projectivity 
determined between the two planes by the projectivity of the conies 
transforms their common tangent into itself and has the common 
point of the two conics as its only fixed point. 
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The generation of a regulus by projective ranges of points on skew 
lines may be regarded as a degenerate case of this theorem and cor- 
ollary. A further degenerate case is stated in the first exercise. 


The proof of Theorem 11 given above is more complicated than it would 
have been if, under Proposition K,, we had made use of the points of inter- 
section of the line 7 with the two conics. But since the discussion of linear 
families of lines in the following section employs only proper elements and 
depends in part on this theorem, it seems more satisfactory to prove this 
theorem as we have done. It is of course evident that any theorem relating 
entirely to proper elements of space which is proved with the aid of Proposi- 
tion K,, can also be proved by an argument employing only proper elements. 
The latter form of proof is often much more difficult than the former, but it 
often yields more information as to the constructions related to the theorem. 


These results may be applied to the problem of passing a quadric 
surface through a given set of points in space. Proposition K, will be 
used in this discussion so as to allow the possibility that the two con- 
jugate reguli may be improper though intersecting in proper points. 

CoroLLaRY 2. If three planes a, B, y meet in three lines a= By, 
b=ya,c=aB and contain three conics A’, B’, C?, of which B’ and C? 
meet in two points P, P’ of a, C’ and A’ meet in two points Q, Q' of b, 
and A? and B? meet in two points R, R' of c, then there is one and but 
one quadrie surface * containing the points of the three conics. 


Proof. Let M be any point of C*. The conic B’ is projected from 
M by a cone which meets the plane @ in a conic which intersects A? 
in two points, proper or improper or coincident, other than R and R’. 
Hence there are two lines m, m’', proper or improper or coincident, 
through M which meet both A” and B*. The projectivity determined 
between A’ and B” by either of these lines generates a regulus, or, 
in a special case, a cone of lines, the lines of which must pass through 
all points of C” because they pass through P, P’, Q', Q, and &, all of 
which are points of C?. 

The conjugate of such a regulus also contains a line through 
which meets both 4’ and B’. Hence the lines m and m! determine 
conjugate reguli if they are distinct. If coincident they evidently de- 
termine a cone. The three conics being proper, the quadric must con- 
tain proper points even though the lines m, m!' are improper. 


* Tn this corollary and in Theorem 12 the term quadric surface must be taken 
to include the points on a cone of lines as a special case. 
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If six points 1, 2, 3, 4, 5, 6 are given, no four of which are co- 
planar,* there evidently exist two planes, @ and 8, each containing 
three of the points and having none on their line of intersection. 
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Assign the notation so that 1, 2,3 are in a A quadric surface which 
contains the six points must meet the two planes in two conics 4’, 
B’ which meet the line a@8=c in a common point-pair or point of 
contact ; and every point-pair, proper or improper or coincident, of ¢ 
determines such a pair of conics. 

Let us consider the problem of determining the polar plane of 
an arbitrary point O on the line c. The polar lines of O with regard 
to a pair of conics A’ and B’ meet ¢ in the same point and hence 
determine w. If no two of the points 1, 2, 3, 4, 5, 6 are collinear 
with O, any line 7 in the plane @ determines a unique conic A’ with 
regard to which it is polar to O, and which passes through 1, 2, 3. 
A’ determines a unique conic B® which passes through 4, 5, 6 and 
meets ¢ in the same points as A”; and with regard to this conic O 

* The construction of a quadric surface through nine points by the method used 


in the text is given in Rohn and Papperitz, Darstellende Geometrie, Vol. II 
(Leipzig, 1896), §§ 676, 677. 
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has a polar line m. Thus there is established a one-to-one corre- 
spondence II between the lines of @ and the lines of 8. This corre- 
spondence is a collineation. For consider a pencil of lines [/] in a. 
The conics 4? determined by it form a pencil. Hence the point-pairs 
in which they meet ¢ are an involution. Hence the conics B* deter- 
mined by the point-pairs form a pencil, and hence the lines [m] form 
a pencil. Since every line 7 meets its corresponding line m on e¢, the 
correspondence II is not only a collineation but is a perspectivity, 
of which let the center be C. Any two corresponding lines / and m 
are coplanar with C. Hence the polar planes of O with regard to 
quadrics through 1, 2, 3, 4, 5, 6 are the planes on C. 

This was on the assumption that no two of the points 1, 2, 3, 4, 5, 6 
are collinear with O. If two are collinear with O, every polar plane 
of O must pass through the harmonic conjugate of O with regard to 
them. This harmonic conjugate may be taken as the point C. 

Now if nine points are given, no four being in the same plane, the 
notation may be assigned so that the planes a= 123, B=456, y=789 
are such that none of their lines of intersection a = By, b=ya, c=aB 
contains one of the nine points. Let O be the point @Sy (or a point 
on the line #8 if a, 8, and y are in the same pencil). By the argu- 
ment above the polars of O with regard to all quadrics through the 
six points in @ and 8 must meet in a point C. The polars of O with 
regard to all quadrics through the six points in 8 and y must simi- 
larly pass through a point A, and the polars with regard to all quad- 
rics through the six points in y and @ must pass through a point B. 

If A, B, and C are not collinear, the plane # = ABC must be the 
polar of O with regard to any quadric through the nine points. The 
plane » meets a@, 8, and y each in a line which must be polar to O 
with regard to the section of any such quadric. But this determines 
three conics A” in a, B’ in B, and C* in y, which meet by pairs in 
three point-pairs on the lines a, d, ec. Hence if a, 8, y are not in the 
same pencil, it follows, by Corollary 2, that there is a unique quadric 
through the nine points. If @, 8, y have a line in common, the three 
conics A’, B*, C? meet this line in the same point-pair. Consider a 
plane o through O which meets the conics 4’, B’, C? in three point- 
pairs. These point-pairs are harmonically conjugate to O and the 
trace, s,on o of the plane . Hence they lie on a conic D*, which, 
with 4” and B’, determines a unique quadric. The section of this 
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quadric by the plane y has in common with C? two point-pairs and 
the polar pair O, s. Hence the quadric has C* as its section by ¥. 

In case A, B, and € are collinear, there is a pencil of planes o which 
meet them. There is thus determined a family of quadrics which is 
called a pencil and is analogous to a pencil of conics. In case A, B, 
and C coincide, there is a bundle of possible planes » and a quadric is 
determined for each one. This family of quadrics is called a bundle. 
Without inquiring at present under what conditions on the points 
1, 2,---, 9 these cases can arise, we may state the following theorem: 


THEOREM 12. Through nine points no four of which are coplanar 
there passes one quadric surface or a pencil of quadrics or a bundle 
of quadries. 


EXERCISES 


1. The lines joining homologous points of a projective conic and straight 
line form a regulus, provided the line meets the conic and is not coplanar 
with it, and their point of intersection is self-corresponding. 

2, State the duals of Theorems 11 and 12. 

3. Show that two (proper or improper) conjugate reguli pass through two 
conics in different planes having two points (proper or improper or coincident) 
in common and through a point not in the plane of either conic. Two such 
conics and a point not in either plane thus determine one quadric surface. 

4. Show how to construct a regulus passing through six given points 
and a given line. 


106. Linear dependence of lines. DEFINITION. If two lines are co- 
planar, the lines of the flat pencil containing them both are said to 
be linearly dependent on them. If two lines are skew, the only lines 
linearly dependent on them are the two lines themselves. On three 
skew lines are linearly dependent the lines of the regulus, of which 
they are rulers. If/,,/,,---,/,are any number of lines and m,,m,,--+-,m, 
are lines such that m, is linearly dependent on two or three of /,,/,,---,J,, 
and m, is linearly dependent on two or three of /,,/,,---, ¢,, m,, and 
so on, m, being linearly dependent on two or three of /,,1,,-++,1,, m,, 
M,,*++,™m,_,, then m, is said to be linearly dependent on 1,, l,, ++ -, l,. 
A set of n lines no one of which is linearly dependent on the n—1 
others is said to be linearly independent. 

As examples of these definitions there arise the following cases of 
linear dependence of lines on three linearly independent lines which 
may be regarded as degenerate cases of the regulus. (1) If lines 
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and b intersect in a point P, and a line ¢ skew to both of them meets 
their plane in a point Q, then in the first place all lines of the pencil 
ab are linearly dependent on a, b, and ¢; since the line QP is in this 
pencil, all lines of the pencil determined by YP and ¢ are in the set. 
As these pencils have in common only the line YP and do not con- 
tain three mutually skew lines, the set contains no other lines. 
Hence in this case the lines linearly dependent on a, b, ¢ are the flat 
pencil ab and the flat pencil (c¢, QP). (2) If one of the lines, as a, meets 
both of the others, which, however, are skew to each other, the set of 
linearly dependent lines consists of the flat pencils a) and ac. This 
is the same as case (1). (3) If every two intersect but not all in the 
same point, the three lines are coplanar and all lines of their plane 
are linearly dependent on them. (4) If all three intersect in the same 
point and are not coplanar, the bundle of lines through their common 
point is linearly dependent on them. The case where all three are 
concurrent and coplanar does not arise because three such lines are 
not independent. 
This enumeration of cases may be summarized as follows: 


THEOREM 13. DEFINITION. The set of all lines linearly dependent 
on three linearly independent lines is either a regulus, or a bundle of 
lines, or a plane of lines, or two flat pencils having different centers 
and planes but a common line. The last three sets of lines are called 
degenerate requli. 


DerFinition. The set of all lines linearly dependent on four linearly 
independent lines is called a linear congruence. The set of all lines 
linearly dependent on five linearly independent lines is called a linear 
complex.* 

107. The linear congruence. Of the four lines a, b, c, d upor 
which the lines of the congruence are linearly dependent, 8, ¢, d 
determine, as we have just seen, either a regulus, or two flat pencils 
with different centers and planes but with one common line, or a 
bundle of lines, or a plane of lines. The lines 8, ce, d can of course be 
replaced by any three which determine the same regulus or degen- 
erate regulus as 8, ¢, d. 


* The terms congruence and complex are general terms to denote two- and three- 
parameter families of lines respectively. For example, all lines meeting a curve or 
all tangents to a surface form a complex, while all lines meeting two curves or all 
common tangents of two surfaces are a cor gruence. 
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So in case 6, c, d determine a nondegenerate regulus of which a is 
not a directrix, the congruence can be regarded as determined by four 
mutually skew lines. In case a is a directrix, the lines linearly de- 
pendent on a, , ¢, d clearly include all tangent lines to the regulus 
bed, whose points of contact are on a. But as a is in a flat pencil 
with any tangent whose point of contact is on a and one of the 
rulers, the family of lines dependent on a, 6, ¢, d is the family de- 
pendent on 0, ¢,d and a tangent line which does not meet b, c,d. Hence 
in either case the congruence is determined by four skew lines. 

If one of the four skew lines meets the regulus determined by the 
other three in two distinct points, P, Q, the two directrices p, q¢ 
through these points meet all four lines. The line not in the regulus 
determines with the rulers through P and Q, two flat pencils of lines 
which join P to all the points of g, and Q to all the points of p. 
From this it is evident that all lines meeting both p and q are linearly 
dependent on the given four. For if & is any point on p, the line 
FQ and the ruler through # determine a flat pencil joining F to 
all the points of g; similarly, for any point of g. No other lines 
can be dependent on them, because if three lines of any regulus 
meet p and q, so do all the lines. 

If one of the four skew lines is tangent to the regulus determined 
by the other three in a point P, the family of dependent lines in- 
cludes the regulus and all lines of the flat pencil of tangents at P. 
Hence it includes the directrix p through P and hence all the tangent 
lines whose points of contact are on p. By Theorem 6 this family 
of lines can be described as the set of all lines on homologous pairs 
in a certain projectivity II between the points and planes of p. Any 
two lines in this set, if they intersect, determine a flat pencil of lines 
in the set. Any regulus determined by three skew lines J, m, n of 
the set determines a projectivity between the points and planes on p, 
but this projectivity sets up the same correspondence as II for the 
three points and planes determined by /, m, and n. Hence by the 
fundamental theorem (Theorem 17, Chap. IV) the projectivity deter- 
mined by the regulus Jmn is the same as II, and all lines of the 
regulus are in the set. Hence, when one of four skew lines is tangent 
to the regulus of the other three, the family of dependent lines consists 
of a regulus and all lines tangent to it at points of a directrix. The 
directrix is itself in the family. 
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If no one of the four skew lines meets the regulus of the other 
three in a proper point, we have a case studied more fully below. 

In case b, ¢, d determine two flat pencils with a common line, a 
may meet the center A of one of the pencils. The linearly dependent 
lines, therefore, include the bundle whose center is 4. The plane of 
the other flat pencil passes through A and contains three noncon- 
current lines dependent on a, b, c, d. Hence the family of lines also 
ineludes all lines of this plane. The family of all lines through a 
point and all lines in a plane containing this point has evidently 
no further lines dependent on it. This is a degenerate case of a con- 
gruence. If @ is in the plane of one of the flat pencils, we have, by 
duality, the case just considered. If @ meets the common line of the 
two flat pencils in a point distinct from the centers, the two flat 
pencils may be regarded as determined by their common line d’ and 
by lines 0! and e’, one from each pencil, not meeting a. Hence the 
family of lines includes those dependent on the regulus ad’ec’ and its 
directrix @'. This case has already been seen to yield the family of all 
lines of the regulus «d’c’ and all lines tangent to it at points of d@. 





If a does not meet the common line, it meets the planes of the 
two pencils in points Cand D. Call the centers of the pencils 4 and 
B (fig. 112). The first pencil consists of the lines dependent on 4D 
and AB, the second of those dependent on 4B and BC. As CD is 
the line a, the family of lines is seen to consist of the lines which 
are linearly dependent on 4B, BC, CD, DA. Since any point of BD 
is joined by lines of the family to A and ©, it is joined by lines of 
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the family to every point of 4C. Hence this case gives the family 
of all lines meeting both AC and BD. 

In case 6, c, d determine a bundle of lines, a, being independent of 
them, does not pass through the center of the bundle. Hence the 
family of dependent lines includes ‘all lines of the plane of a and the 
center of the bundle as well as the bundle itself. 

Lastly, if 6, c,d are coplanar, we have, by duality, the same case as 
if b, c,d were concurrent. We have thus proved 


THEOREM 14. A linear congruence is either (1) a set of lines 
linearly dependent on four linearly independent skew lines, such that 
no one of them meets the regulus containing the other three in a proper 
point; or (2) it is the set of all lines meeting two skew lines ; or (3) 
ut is the set of all rulers and tangent lines of a given regulus which 
meet a fixed directrix of the requlus ; or (4) it consists of a bundle 
of lines and a plane of lines, the center of the bundle being on the 
plane. 

DEFINITION. A congruence of the first kind is called edliptic; of the 
second kind, hyperbolic ; of the third kind, parabolic ; of the fourth 
kind, degenerate. A line which has points in common with all lines 
of a congruence is called a directrix of the congruence. 


CoroLLary. A parabolic congruence consists of all lines on corre- 
sponding points and planes in a projectivity between the points and 
planes on a line. The directrix is a line of the congruence, 


To study the general nondegenerate case, let us denote four linearly 
independent and mutually skew lines on which the other lines of the 
congruence depend by a, b, c, d, and let 7, and 7, be two planes in- 
tersecting in a. Let the points of intersection with 7, and 7, of 0, ¢, 
and d be B,, C,, and D, and B,, C,, and D, respectively. By letting 
the complete quadrilateral a, B,C,, C,D,, D,B, correspond to the 
complete quadrilateral a, B,C,, C,D,, D,B,, there is established a 
projective collineation II between the planes 7, and 7, in which 
the lines 0, ¢, d join homologous points (fig. 113). 

Among the lines dependent on a, 0, c, d are the lines of the reguli 
abe, acd, adb, and all reguli containing @ and two lines from any 
of these three reguli. But all such reguli meet 7, and 7, in lines 
(e.g. B,D,, B,D,) because they have @ in common with 7, and 
m,, Furthermore, the lines of the fundamental reguli join points 
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which correspond in II (Theorem 5 of this chapter and Theorem 18, 
Chap. IV). Hence the reguli which contain @ and lines shown by 
means of such reguli to be dependent on a, b, ¢, d are those gen- 
erated by the projectivities determined by II between lines of 7, 
and 77,. 





Fie. 113 


Now consider reguli containing triples of the lines already shown 
to be in the congruence, but not containing a. Three such lines, /, 
m, n, join three noncollinear points Z,, M,, NV, of 7, to the points 
L,, M,, N, of 7, which correspond to them in the collineation II. The 
regulus containing /, m, and » meets 7, and 7, in two conics which 
are projective in such a way that Z,, Jf, VN, correspond to L,, M,, N,. 
The projectivity between the conics determines a projectivity between 
the planes, and as this projectivity has the same effect as II on the 
quadrilateral composed of the sides of the triangle Z,1Z,N, and the 
line a, it is identical with Il. Hence the lines of the regulus Jmn 
join points of a, and 7, which are homologous under II and are 
therefore among the lines already constructed. 

Among the lines linearly dependent on the family thus far con- 
structed are also such as appear in flat pencils containing two inter- 
secting lines of the family. If one of the two lines is a, the other 
must meet @ in a double point of the projectivity determined on a by 
II. If neither of the two lines is a, they must meet 7, and 7r,, the 
first in points #, F and the second in points Q,, @,, and these four 


§ 107] THE LINEAR CONGRUENCE a 


points are clearly distinct from one another. But as the given lines of 
the congruence, PF and Q,Q,, intersect, so must also the lines BQ, and 
LQ, of m, and 7, intersect, and the projectivity determined between 
FQ, and BY, by II is a perspectivity. Hence the common point of 
FY, and £Q, is a point of a and is transformed into itself by II. 
Hence, if lines of the family intersect, II has at least one double point 
on a, which means, by § 105,* that the line a meets the regulus bed 
and the congruence has one or two directrices. Thus two lines of a 
nondegenerate congruence intersect only in the parabolic and hyper- 
bolic cases ; and from our previous study of these cases we know that 
the lines of a congruence through a point of intersection of two lines 
form a flat pencil. 

We have thus shown that all the lines linearly dependent on 
a, b, c, d, with the exception of a flat pencil at each double point of 
the projectivity on a, are obtained by joining the points of 7, and 7, 
which are homologous under II. From this it is evident that any four 
linearly independent lines of the congruence could have been taken 
as the fundamental lines instead of a, 6, c, d. These two results are 
summarized as follows: 


THEOREM 15. All the lines of a linear congruence are linearly 
dependent on any linearly independent four of its lines. No lines not 
in the congruence are linearly dependent on four such lines. 

THEOREM 16. Jf two planes meet in a line of a linear congruence 
and neither contains a directrix, the other lines of the congruence meet 
the planes in homologous points of a projectivity. Conversely, if two 
planes are projective in such a way that their line of intersection cor- 
responds to itself, the lines joining homologous points are in the same 
linear congruence. 


' * Tf there are two double points, H, F, ona, the conic ByC\D,HF must be trans- 
formed by II into the conic BzC,D2EF, and the lines joining corresponding points of 
these conics must form a regulus contained in the congruence. As H# and F are 
on lines of ‘the regulus bed, there are two directrices p, q of this regulus which 
meet H and F respectively. The lines p and qg meet all four of the lines a, b, c, d. 
Hence they meet all lines linearly dependent on a, b, c, d. 

In the parabolic case the regulus bed must be met by a in the single invariant 
point H of the parabolic projectivity on a, because the conic tangent to a at H and 
‘passing through B,C,D, must be transformed by II into the conic tangent to a at H 
and passing through B,C2Dz; and the lines joining homologous points of these conics 
must form a regulus contained in the congruence. As H, a point of a, is on a line 
of the regulus bcd, there is one and only one directrix p of this regulus which meets 
all four of a, b, c, d and hence meets all lines of the congruence. 
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The dual of Theorem 16 may be stated in the following form : 


THEOREM 17. From two points on the same line of a linear congru- 
ence the latter is projected by two projective bundles of planes. Con- 
versely, two bundles of planes projective in such a way that the line 
joining their centers is self-corresponding, generate a linear congruence. 


DeFINITION. A regulus all of whose rulers are in a congruence is 
called a regulus of the congruence and is said to be in or to be con- 
tained in the congruence. 


Corouuary. Jf three lines of a regulus are in a congruence, the 
regulus is in the congruence. 


In the hyperbolic (or parabolic) case the regulus ded (in the notation 
already used) is met by @ in two points (or one point), its points of 
intersection with the directrices (or directrix). In the elliptic case the 
regulus bcd cannot be met by a@ in proper points, because if it were, 
the projectivity II, between 7, and 7,, would have these points as 
double points. Hence no line of the congruence meets a regulus of 
the congruence without being itself a generator. Hence through each 
point of space, without exception, there is one and only one line of 
the congruence. The involution of conjugate points of the regulus 
bcd on the line a is transformed into itself by II, and the same must 
be true of any other regulus of the congruence, if it does not con- 
tain a. Since there is but one involution transformed into itself by a 
noninvolutoric projectivity on a line (Theorem 20, Chap. VIII), we 
have that the same involution of conjugate points is determined on 
any line of the congruence by all reguli of the congruence which do 
not contain the given line. This is entirely analogous to the hyper- 
bolic ease, and can be used to gain a representation in terms of proper 
elements of the improper directrices of an elliptic congruence. 

The three kinds of congruences may be characterized as follows: 


THEOREM 18. Jn @ parabolic linear congruence each line is tangent 
at a fixed one of its points to all requli of the congruence of which it is 
not a ruler. On each line of a hyperbolic or elliptic congruence all reguli 
of the congruence not containing the given line determine the same 
involution of conjugate points. Through each point of space there is 
one and only one line of an elliptic congruence. For hyperbolic and 
parabolic congruences this statement is true except for points on a 
directrix. 
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EXERCISES 


1. All lines of a congruence can be constructed from four lines by means 
of reguli all of which have two given lines in common, 

2. Given two inyolutions (both having or both not having double points) 
on two skew lines. Through each point of space there are two and only two 
lines which are axes of perspectivity projecting one involution into the other, 
i.e. such that two planes through conjugate pairs of the first involution pass 
through a conjugate pair of the second involution. These lines constitute 
two congruences. . 

3. All lines of a congruence meeting a line not in the congruence form 
a regulus. 

4. A linear congruence is self-polar with regard to any regulus of the 
congruence. 

5. A degenerate linear congruence consists of all lines meeting two inter- 
secting lines. 


108. The linear complex. THEOREM 19. A linear complex con- 
sists of all lines linearly dependent on the edges of a simple skew 
pentagon.* 

Proof. By definition (§ 106) the complex consists of all lines 
linearly dependent on five independent lines. Let a be one of these 
which does not meet the other four, b’,c’, a’, e'. The complex consists of 
all lines dependent on a@ and the congruence J’c'd’e’. If this con- 
gruence is degenerate, it consists of all lines dependent on three sides 
of a triangle ede and a line 6 not in the plane of the triangle 
(Theorems 14, 15). As b may be any line of a bundle, it may be 
chosen so as to meet @; ¢ may be chosen so as to meet 0, and e may 
be so chosen as to meet a. Thus in this case the complex depends 
on five lines a, b, ¢, d, e not all coplanar, forming the edges of a simple 
pentagon. 

If the congruence is not degenerate, the four lines 6”, c,d", e” upon 
which it depends may (Theorem 15) be chosen so that no two of 
them intersect, but so that two and only two of them, 6” and e”, 
meet a. Thus the complex consists of all lines linearly dependent 
on the two flat pencils ab" and ae" and the two lines ec” and ad". Let 
b and ¢ be the lines of these pencils (necessarily distinct from each 
other and from a) which meet c” and d" respectively. The complex 
then consists of all lines dependent on the flat pencils ad, be", ae, ed"’. 


* The edges of a simple skew pentagon are five lines in a given order, not all 
coplanar, each line intersecting its predecessor and the last meeting the first, 


320 FAMILIES OF LINES [Cuar. XI 


Finally, let ¢ and d be two intersecting lines distinct from 6 and ¢, 
which are in the pencils dc” and ed”. The complex consists of all lines 
linearly dependent on the flat pencils ab, be, ed, de, ea. Not all the 
vertices of the pentagon abcde can be coplanar, because then all the 
lines would be in the same degenerate congruence. 

THEOREM 20. Drrinition. There are two classes of complexes such 
that all complexes of either class are projectively equivalent. A com- 
plex of one class consists of a line and all lines of space which meet 
it. These are called special complexes. A complex of the other class 
is called general. No four vertices of a pentagon which determines it 
are coplanar. 

Proof. Given any complex, by the last theorem there is at least 
one skew pentagon abcde which determines it. If there is a line/ 
meeting the five edges of this pentagon, this line must meet all lines 
of the complex, because any line meeting three linearly independent 
lines of a regulus (degenerate or not) meets all lines of it. Moreover, 
if the line / meets a and b as well as ¢ and d, it must either join 
their two points of intersection or be the line of intersection of their 
common planes. If / meets ¢ also, it follows in either case that four 
of the vertices of the pentagon are coplanar, two of them being on e. 
(That all five cannot be coplanar was explained at the end of the 
last proof.) Conversely, if four of the five vertices of the skew 
pentagon are coplanar, two and only two of its edges are not in this 
plane, and the line of intersection of the plane of the two edges Bact 
the plane of the other three meets all five edges. 

Hence, if and only if four of the jive vertices are coplanar, there ex- 
ists a line meeting the five lines. Since any two skew pentagons are pro- 
jectively equivalent, if no four vertices are coplanar (Theorem 12, 
Chap. IIT), any two complexes determined by such pentagons are 
projectively equivalent. Two simple pentagons are also equivalent 
if four vertices, but not five, of each are coplanar, because any simple 
planar four-point can be transformed by a collineation of space into 
any other, and then there exists a collineation holding the plane 
of the second four-point pointwise invariant and transforming any 
point not on the plane into any other point not on the plane. There- 
fore all complexes determined by pentagons of this kind are projec- 
tively equivalent. But these are the only two kinds of skew pentagons. 
Hence there are two and only two kinds of complexes. 
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In case four vertices of the pentagon are coplanar, we have seen 
that there is a line / meeting all its edges. Since this line was 
determined as the intersection of the plane of two adjacent edges 
with the plane of the other three, it contains at least two vertices. 
It cannot contain three vertices because then all five would be 
coplanar. As one of the two planes meeting on / contains three 
independent lines, all lines of that plane are lines of the complex. 
The line / itself is therefore in the complex as well as the two lines 
of the other plane. Hence all lines of both planes are in the complex. 
Hence all lines meeting / are in the complex. But as any regulus 
three of whose lines meet / has all its lines meeting /, the complex 
satisfies the requirements stated in the theorem for a special complex. 





Fie. 114 


A more definite idea of the general complex may be formed as 
follows. Let p,p,p,p,p; (fig. 114) be a simple pentagon upon whose 
edges all lines of the complex are linearly dependent. Let ¢ be the 
line of the flat pencil p,p, which meets p,, and let & be the point of 
intersection of g and p,. Denote the vertices of the pentagon by P,,, 
B,, B,, B;, Ry, the subscripts indicating the edges which meet in a 
given vertex. 

The four independent lines p,p,p,q determine a congruence of lines 
all of which are in the complex and whose directrices are a= RP, 
and a’ = P,P,. In like manner, gp,p,p, determine a congruence whose 
directrices are b= RP, and b'=f,Fh,. The complex consists of all 
lines linearly dependent on the lines of these two congruences. The 
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directrices of the two congruences intersect at & and R, respectively 
and determine two planes, ab =p and a/b! =7, which meet on g. 
Through any point P of space not on p or 7 there are two lines 
l, m, the first meeting a and a/, and the second meeting } and 0! 
(fig. 115). All lines in the flat pencil /m are in the complex by defi- 
nition. This flat pencil meets p and m in two perspective ranges of 





Fie. 115 


points and thus determines a projectivity between the flat pencil ad 
and the flat pencil a’d’, in which a and a’, b and d’ correspond and q¢ 
corresponds to itself. The projectivity thus determined between the 
pencils ab and a/b’ is the same for all points P, because a, b, g always 
correspond to a’, b', q'. Hence the complex contains all lines in the 
flat pencils of lines which meet homologous lines in the projectivity 
determined by 
aba x a'b'g. 

Denote this set of lines by S. We have seen that it has the property 
that all its lines through a point not on p or 7 are coplanar. If a 
point P is on p but not on g, the line PF has a corresponding line p’! 
in the pencil a/b’ and hence S contains all lines joining P to points 
of p’. Similarly, for points on + but not on g. By duality every plane 
not on g contains a flat pencil of lines of S. 

Each of the flat pencils not on g has one line meeting g. Hence 
each plane of space not on g contains one and only one line of $ 
meeting g. Applying this to the planes through 2, not contain- 
ing g, we have that any line through A, and not on p is not in the 
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set S. Let 7 be any such line. All lines of S in each plane through 
1 form a flat pencil P, and the centers of all these pencils lie on a line 
l’, because all lines through two points of J form two flat pencils each 
of which contains a line from each pencil P. Hence the lines of $ 
meeting / form a congruence whose other directrix J’ evidently lies on 
p. The point of intersection of /’ with q is the center of a flat pencil 
of lines of S all meeting /. Hence all lines of the plane lg form a flat 
pencil. Since / is any line on P,, and not on 7, this establishes that 
each plane and, by duality, each point on gq, as well as not on gq, con- 
tains a flat pencil of lines of S. 

We can now prove that the complex contains no lines not in S 
To do so we have to show that all lines linearly dependent on lines 
of S are in S. If two lines of S intersect, the flat pencil they deter- 
mine is by definition in S. If three lines m,, m,, m, of S are skew to 
one another, not more than two of the directrices of the regulus con- 
taining them are in S. For if three directrices were in S, all the tan- 
gent lines at points of these three lines would be in S, and hence any 
plane would contain three nonconcurrent lines of S. Let / be a 
directrix of the regulus m,m,m,, which is not in S. By the argu- 
ment made in the last paragraph all lines of S meeting / form a con- 
gruence. But this congruence contains all lines of the regulus m,m,m,, 
and hence all lines of this regulus are in S. Hence the set of lines S 
is identical with the complex. 


THEOREM 21 (SYLVESTER’S THEOREM *). If two projective flat pencils 
with different centers and planes have a line q in common which is 
self-corresponding, all lines meeting homologous pairs of lines in these 
two pencils are in the same linear complex, This complex consists of 
these lines together with a parabolic congruence whose directrix rs q. 


Proof. This has all been proved in the paragraphs above, with the 
exception of the statement that g and the lines meeting g form a 
linear congruence. Take three skew lines of the complex meeting q; 
they determine with g a congruence C all of whose lines are in the 
complex. There cannot be any other lines of the complex meeting q, 
because there would be dependent on such lines and on the congru- 
ence C all lines meeting g, and hence all lines meeting g would be in 
the given complex, contrary to what has been proved above. 


* Cf. Comptes Rendus, Vol. LII (1861), p. 741. 
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Another theorem proved in the discussion above is: 


THEOREM 22. DEFINITION OF NuLL System. All the lines of a 
linear complex which pass through a point P lie in a plane 7, and all 
the lines which lie in a plane 7 pass through a point P. In case of 
a special complex, exception must be made of the points and planes on 
the directrix. The point P is called the null point of the plane m and 
w is called the null plane of P with regard to the complex. The cor- 
respondence between the points and planes of space thus established 1s 
called a null system or null polarity. 


Another direct consequence, remembering that there are only two 
kinds of complexes, is the following: 


THEOREM 23. Any five linearly independent lines are in one and 
only one complex. If the edges of a simple pentagon are in a given 
complex, the pentagon is skew and its edges linearly independent. If 
the complex is general, no four vertices of a simple pentagon of its 
lines are coplanar. 


THEOREM 24. Any set of lines, K,in space such that the lines of the 
set on each point of space constitute a flat pencil is a linear complex. 


Proof. (a) If two lines of the set K intersect, the set contains all 
lines linearly dependent on them, by definition. 

(6) Consider any line @ not in the given set K. Two points 4, B on 
a have flat pencils of lines of K on different planes; for if the planes 
coincided, every line of the plane would, by (a), be a line of K. Hence 
the lines of K through A and B all meet a line a’ skew to a. From 
this it follows that all the lines of the congruence whose directrices 
are a, a’ are in K. Similarly, if 6 is any other line not in K but meet. 
» ing a, all lines of K which meet 6 also meet another line 0’. More 
over, since any line meeting a, b,and 0’ is in K and hence also meets 
a', the four lines a, a’, b, b' lie on a degenerate regulus consisting of the 
flat pencils ad and a/b! (Theorem 13). Let q (fig. 115) be the common 
line of the pencils ad and a'b'. Through any point of space not on one 
of the planes ab and a’b! there are three coplanar lines of K which 
meet g and the pairs aa! and bb'. Hence K consists of lines meeting 
homologous lines in the projectivity 


gab ~ qa'd’, 


and therefore is a complex by Theorem 21. 
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CorotLary. Any (1,1) correspondence between the points and the 
planes of space such that each point lies on its corresponding plane 
is a null system. 

THEOREM 25. Two linear complexes have in common a linear 
congrwence. 

Proof. At any point of space the two flat pencils belonging to the 
two complexes have a line in common. Obviously, then, there are 
three linearly independent lines /,, 7,,7, common to the complexes. 
All lines in the regulus /,/,/, are, by definition, in each complex. But 
as there are points or planes of space not on the regulus, there is a 
line /, common to the two complexes and not belonging to this regulus. 
All lines linearly dependent on J, /,, J, 1, are, by definition, common 
to the complexes and form a congruence. No further line could be 
common or, by Theorem 23, the two complexes would be identical. 

CoroLuary 1. The lines of a complex meeting a line 1 not in the 
complex form a hyperbolic congruence. 

Proof. The line is the directrix of a special complex which, by the 
theorem, has a congruence in common with the given complex. The 
common congruence cannot be parabolic because the lines of the first 
complex in a plane on 7 form a flat pencil whose center is not on J, 
since / is not in the complex. 

CoroLLARY 2. The lines of a complex meeting a line | of the com- 
plex form a parabolic congruence. 

Proof. The centers of all pencils of lines in this congruence must 
be on / because / is itself a line of each pencil. 

Derinition. A line / is a polar to a line l' with regard to a 
complex or null system, if and only if / and J’ are directrices of a 
congruence of lines of the complex. 

CoroLuary 3. If 1 is polar to l', l' is polar to 1. A line is polar 
to itself, if and only if tt is a line of the complex. 

THEOREM 26. A null system is a projective correspondence between 
the points and planes of space. 

Proof. The points on a line / correspond to the planes on a line J 
by Corollaries 1 and 2 of the last theorem. If / and /' are distinct, 
the correspondence between the points of / and planes of J’ is a per- 
spectivity. If 7=/', the correspondence is projective by the corollary 
of Theorem 14. 
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EXERCISES 


1. Ifa point P is ona plane p, the null plane z of Pis on the null point R of p. 

2. Two pairs of lines polar with regard to the same null system are always in 
the same regulus (degenerate, if a line of one pair meets a line of the other pair). 

3. If a line / meets a line m, the polar of / meets the polar of m. 

4. Pairs of lines of the regulus in Ex. 2 which are polar with regard to 
the complex are met by any directrix of the regulus in pairs of points of an 
involution. Thus the complex determines an involution among the lines of 
the regulus. 

5. Conversely (Theorem of Chasles), the lines meeting conjugate pairs of 
lines in an involution on a regulus are in the same complex. Show that 
Theorem 21 is a special case of this. 

6. Find the lines common to a linear complex and a regulus not in the 
complex. 

7. Three skew lines k, /, m determine one and only one complex contain- 
ing k and having / and m as polars of each other. 

8. If the number of points on a line is n + 1, how many reguli, how many 
congruences, how many complexes are there in space? How many lines are 
there in each kind of regulus, congruence, complex ? 

9. Given any general complex and any tetrahedron whose faces are not 
null planes to its vertices. The null planes of the vertices constitute a second 
tetrahedron whose vertices lie on the planes of the first tetrahedron. The 
two tetrahedra are mutually inscribed and circumscribed each to the other * 
(cf. Ex. 6, p. 105). 

10. A null system is fully determined by associating with the three vertices 
of a triangle three planes through these vertices and having their one common 
point in the plane of the triangle but not on one of its sides. 

11. A tetrahedron is self-polar with regard to a null system if two opposite 
edges are polar. 

12. Every line of the complex determined by a pair of Mébius tetrahedra 
meets their faces and projects their vertices in projective throws of points and 
planes. 

13. If a tetrahedron 7’ is inscribed and circumscribed to 7, and also to T,, 
the lines joining corresponding vertices of 7; and 7, and the lines of intersec- 
tion of their corresponding planes are all in the same complex. 

14. A null system is determined by the condition that two pairs of lines 
of a regulus shall be polar. 

15. A linear complex is self-polar with regard to a regulus all of whose 
lines are in the complex. 

16. The lines from which two projective pencils of points on skew lines 
are projected by involutions of planes are all in the same complex. Dualize. 


* This configuration was discovered by Mébius, Journal fiir Mathematik, Vol. III 
(1828), p. 2738. Two tetrahedra in this relation are known as Mobius tetrahedra. 
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109. The Pliicker line coordinates. Two points whose codrdinates are 
(%,, Hos Us, a) 
(Yrs Yas Yss Ys) 


determine a line 7. The codrdinates of the two points determine six 
numbers 




















Py=lt 2, | ee py=lt 
2 13 14 , 
Nn Ys A Ys Wn Vs 
ite A ae ooels Do=l? 8 
3 ’ 
Ys Ys IRE 142 Ys 




















which are known as the Pliicker cod'rdinates of the line. Since the 
coordinates of the two points are homogeneous, the ratios only of the 
numbers p;, are determined. Any other two points of the line deter- 
mine the same set of line coordinates, since the ratios of the p,’s are 
evidently unchanged if («,, 7, 2, ,) is replaced by (z,+Ay,, 2, +AY,, 
2,+rAY;,, &,+rAy,). The six numbers satisfy the equation * 


(1) Pre Psat Pig Pao t Pris Pos = 0. 


This is evident on expanding in terms of two-rowed minors the 


identity a 
L, HL, Ly, X, 


YY Ys Ys Ys = 0. 


Leek, he, a, 


Uh Ys Y; Yq 

Conversely, if any six numbers, p,,, are given which satisfy Equa- 
tion (1), then two points P=(z,, x,, x,, 0), V=(y,, 0, 5, y,) can be 
determined such that the numbers p,, are the codrdinates of the line 
PQ. To do this it is simply necessary to solve the equations 


— LoY = Pro» X34 4= Posy 
LY3— LY, = Pig, — ©2Y4= Pao» 
BY = Pry LoY3 = Pos» 
which are easily seen to be consistent if and only if 


ProPout Prg Pic +P rs Pos = 9- 
Hence we have 


THEOREM 27. Every line of space determines and is determined 
by the ratios of six numbers P15, Pigs Prar Poa» Pag» Pog SUdject to the 


* Notice that in Equation (1) the number of inversions in the four subscripts of 
any term is always even. 
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condition Pr» Py,+ Pis Prot PisPoa= 0, such that if (ay, Ly, %y, U4) and 
(Yy> Yor Yqr Y) re any two points on the line, 






































0, Cai ee 2 
1 2 1 8 1 4 
=|, = p = 
Te dal sd eee gee 
Cm aa Ly @, 
BE hea = ee ees gay [se Jee |b. 
Pog Ys V4 ’ Ps. Yo V4 , Pos Y. Y; 
CoroLuary. Four independent coordinates determine a line. 


In precisely similar manner two planes (w,, v,, U,, ¥,) and (v 


p 2?) 3) 4 Vo Vs, v,) 
determine six numbers such that 


p 

















ae A tu=|! oth Peg age 

12 18 14 

Ov, VU, %, Om 

fi |, M% us U, Uy eee U, Us 

84 ? 42 7 23 4 ¢ 
U5 U4 U4 Vy Vg UV, 




















The quantities ¢,, satisfy a theorem dual to the one just proved for 
the p,,’s. 
THEOREM 28. The p and q codrdinates of a line are connected by 
the equations Pro * Pis ‘Pris * Ps * Pass * Pos = V4 : G49 : Yo3 : G12 : G13 : Gis 
Proof. Let the p coordinates be determined by the two points 
(X45 Ly, Lg, L,), (Yy» Yoo Yq» Y,), ad the q codrdinates by the two planes 
(Uy) Ug, Ug, Uy), (Vy, Vq,Vy,V,). These coordinates satisfy the four equations 
U,L, + U,L, + UL, + U2, = 0, 
U,2,+ Uh, + U,%, + 0,2, = 0, 
UY yt UsYat Us + UY, = 0, 
VYyH VYa + UY s + VY, = 0. 
Multiplying the first equation by — v, and the second by w, and adding 


we obtain 
G19Xq + Qiglg + 9 14U, = 0. 


In like manner, from the third and fourth equations we obtain 
Gras + VisYat Guds= 9. 
Combining the last two equations similarly, we obtain 
Gis Pes — Vis Paz = 9; 
or, Qis _. Pao, 
Su eee 
By similar combinations of the first four equations we find 


Pris * Pras * Pig * Psy? Pas * Pos = Qs4 * Yao * os * Vie * Vis * F149 


§§ 109, 110] LINE COORDINATES 329 


EXERCISE 


Given the tetrahedron of reference, the point (1, 1, 1, 1), and a line J, 
determine six sets of four points each, whose cross ratios are the coérdinates 
of 1. 


110. Linear families of lines. THEOREM 29. The necessary and 
sufficient condition that two lines p and p' intersect, and hence are 
coplanar, is 

Pir Po + Di Pho + Pig Pas + Pos Pir + PoP is + Pox Pis = 0, 


where p;; are the coordinates of p and pj, of p'. 


Proof. If the first line contains two points x and y, and the second 
two points x’ and y’, the lines will intersect if and only if these four 
points are coplanar; that is to say, if and only if 


peg tg © 


o=|%) fy a vt = PyoPut PrsPat PuPost PosPizt PasPist PosPis- 
Lee 
Y3 Yq 
THEOREM 30. A flat pencil of lines consists of the lines whose coordi- 
nates are Ap, + epi, Uf p and p' are two lines of the pencil. 


4 


Proof. The lines p and p! intersect in a point A and are perspec- 
tive with a range of points C+ 4D. Hence their coordinates may be 


written 
a, a 


2 
de, + wd, Ae, + mwd,|’ i 








which may be expanded in the form 


Ores 


C, 6, 


a 


a 
é d, 7 =APio+ MP2» ete. 


+ be 











i 


THEOREM 31. The lines whose coordinates satisfy one linear 
equation 
(1) AioP 2 ae Qy Pig Gis Pig te Ass Pos he Oso Dag + Gos Pos = 0 


form a linear complex. Those whose coordinates satisfy two independ- 
ent linear equations form a linear congruence, and those satisfying 
three independent linear equations form a reqgulus. Four independent 
linear equations are satisfied by two (distinet or coincident) lines, 
which may be wmproper. 
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Proof. Tf (b,, by, 65, 64) is any point of space, the points (,, 2, 2, 74) 


2) “89 “4 


which lie on lines through 4,, },, 0,, 6, satisfying (1) must satisfy 
b, b, bye; 


ZL, Ly Ly L, 


b, 6, 


zy Ly 


b, d, 
ay as 


b, b, 


Ca Nee” 


b, b 
: Se — 
WH, =) ays + G4 a Gs, Ls L, +Ahy, 7 fos 0, 






































or 
(2) (4,0, “ale A430, a A404) Ly (— A.D, 1% AhoD = W504) Ly 
1F (ee. 1,0, baa Oy,D, tt 5404) i — a,,0, « Hyd, a A405) 25 ere 0, 


which is the equation of a plane. Hence the family of lines repre- 
sented by (1) has a flat pencil of lines at every point of space, and so, 
by Theorem 24, is a linear complex. 

Since two complexes have a congruence of common lines, two linear 
equations determine a congruence. Since a congruence and a complex 
have a regulus in common, three linear equations determine a regulus. 

If the four equations 


! ! (oe ! ! f= ee 
Bo Pro + Gig Pig + big Pig t Ve Pog t Uso Pao + Vag Pos = 0, 
Af ah Gi mets 5 ' ee 
Bie Pig t 13 Px3 ae hig Pry t Og, Pag + hy Dag + Go3 Pos = 0, 
my MT, hie my mr Ae — 
G19 Pyro ote (ys Pr as by, Pris fe Ass Ps4 ee As. Pe ac Ay, Po —— 0, 
1v IV, Iv IV, Iv Iv _— 
Big Pra + yg Pig 14 Pig H Ugq Pog t %qo Pao + Vag Pos = 0, 
are independent, one of the four-rowed determinants of their coeffi- 


cients is different from zero, and the equations have solutions of the 


form * 
Py = XP» aie MP5 P33 >= APs ar MPs, aes 


If one of these solutions is to represent the codrdinates of a line, it 
must satisfy the condition 

Py Psa + Pis Par + Pry Pos = 9, 
which gives a quadratic equation to determine X/u. Hence, by Propo- 


sition K,, there are two (proper, improper, or coincident) lines whose 
coordinates satisfy four linear equations. . 


Coro.Luary 1. The lines of a regulus are of the form 
Hire es ial ih SATE 
P= Aa Det Mg Pe Toned, 


where p', p", pl" are lines of the regulus. In like manner, the lines of 
a congruence are of the form 


Pre Ay Pi HAD! +A, PL +A, DY, 


* Cf. Bocher, Introduction to Higher Algebra, Chap. IV. 
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and of a complex of the form 
P= Dit Ay pi! +; pi" +A, pi +A, py. 
All of these formulas must be taken in connection with 
PrsPoet PrsPar + Prs Pos = 9. 
CoROLLARY 2. As a transformation from points to planes the null 


system determined by the complex whose equation is 


Bye Dig F Gg Pig + G14 Dug + Uy4 Poq— og Pyo + Gog Dos = 0 


as 
U,= 0+ 4,0, + G1. + 04,2, 
U,=— 4,0, + 0 + G,,0, + Ay, 
Us, = — O50, — 0,0, + 0 Us 4X g, 
U, = — ,,L, — A,X, — Ay,%, + 0. 


The first of these corollaries simply states the form of the solu- 
tions of systems of homogeneous linear equations in six variables. 
The second corollary is obtained by inspection of Equation (2) the 
coefficients of which are the coordinates of the null plane of the 
pointe (b5, 05, 0:..0)). 

Corollary 1 shows that the geometric definition of linear dependence of 
lines given in this chapter corresponds to the conventional analytic concep- 
tion of linear dependence. 


111. Interpretation of line coordinates as point coordinates in S.. 
It may be shown without difficulty that the method of introducing 
homogeneous codrdinates in Chap. VII is extensible to space of any 
number of dimensions (cf. Chap. I, § 12). Therefore the set of all sets 
of six numbers 

(Pro Piss Pv Por Pass Pos) 
can be regarded as homogeneous point coordinates in a space of five 
dimensions, S,. Since the codrdinates of a line in S, satisfy the 
quadratic condition 

(1) Pic Psat Ps Psat Prs Pos = 0, 
they may be regarded as forming the points of a quadratic locus or 
spread,* L?, in S,. The lines of a linear complex correspond to the 
points of intersection with this spread of an S, that is determined by 
one linear equation. The lines of a congruence correspond, therefore, 
to the intersection with L? of an S,, the lines of a regulus to the 


* This is a generalization of a conic section. 
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intersection with L? of an S,, and any pair of lines to the intersec- 
tion with L? of an S,, 

Any point (pla, Pls, Plas Phas Phar Pay) Of S, has as its polar* S,, with 
regard to Lj, 


(2) pi Py t+ Phe Pist Pts Prat Pie Post Pis Pao + Pris Pos = 9, 


which is the equation of a linear complex in the original S,. Hence 
any point in S, can be thought of as representing the complex of lines 
represented by the points of S, in which its polar S, meets L?. 

Since a line is represented by a point on L?, a special complex is 
represented by a point on L?, and all the lines of the special complex 
by the points in which a tangent S, meets L/. 

The points of a line, a+24%, in S, represent a set of complexes 
whose equations are 


(3) (454+ AD 54) Pag + (Qyg+ Abo) Pig t “+. =0, 


and all these complexes have in common the congruence common to 
the complexes a and 0. Their congruence, of course, consists of the 
lines of the original S, represented by the points in which L? is met 
by the polar S, of the line a+b. 

A system of complexes, a+ Xb, is called a pencil of complexes, and 
their common congruence is called its base or basal congruence. It 
evidently has the property that the null planes of any point with 
regard to the complexes of the pencil form an axial pencil whose 
axis is a line of the basal congruence. Dually, the null points of 
any plane with regard to the complexes of the pencil form a range 
of points on a line of the basal congruence. 

The cross ratio of four complexes of a pencil may be defined as 
the cross ratio of their representative points in S,. From the form of 
Equation (3) this is evidently the cross ratio of the four null planes 
of any point with regard to the four complexes. 

A pencil of complexes evidently contains the special complexes 
whose directrices are the directrices of the basal congruence. Hence 


* Equation (2) may be taken as the definition of a polar Sy of a point with 
regard to L?. Two points are conjugate with regard to L? if the polar S, of one 
contains the other. The polar S4’s of the points of an S; (i = 1, 2, 8, 4) all have an 
S4—;in common which is called the polar S,_; of the S;. These and other obvious 
generalizations of the polar theory of a conic or a regulus we take for granted 
without further proof. 
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there are two improper, two proper, one, or a flat pencil of lines which 
are the directrices of special complexes of the pencil. These cases 
arise as the representative line a+ )b meets L? in two improper 
points, two proper points, or one point, or lies wholly on L?. Two 
points in which a representative line meets L/ are the double points 
of an involution the pairs of which are conjugate with regard to L?. 

Two complexes p, p’ whose representative points are conjugate 
with regard to L? are said to be conjugate or in involution. They 
evidently satisfy Equation (2) and have the property that the null 
points of any plane with regard to them are harmonically conjugate 
with regard to the directrices of their common congruence. Any 
complex a@ is in involution with all the special complexes whose 
directrices are lines of a. 

Let a, be an arbitrary complex. and a, any complex conjugate to 
(in involution with) it. Then any representative point in the polar S, 
with regard to L? of the representative line a,a, represents a complex 
conjugate to a, and a,. Let a, be any such complex. The represent- 
ative points of a,, a,, a, form a self-conjugate triangle of L?. Any 
point of the representative plane polar to the plane a,a,a, with 
regard to L? is conjugate to a,a,a,. Let such a point be a,. In like 
manner, a, and a, can be determined, forming a self-polar 6-point of 
L?, the generalization of a self-polar triangle of a conic section. The 
six points are the representatives of six complexes, each pair of which 
is in involution. 

It can be proved that by a proper choice of the six points of refer- 
ence in the representative S,, the equation of L? may be taken as any 
quadratic. relation among six variables. Hence the lines of a three- 
space may be represented analytically by six homogeneous codrdinates 
subject to any quadratic relation. In particular they may be repre- 
sented by (2,, @,-++, %), where 


2 2 2 2 Dace 
e+ ag + 03 + UP + xf + 2s = 0.* 


In this case, the six-point of reference being self-polar with regard 
to L?2, its vertices represent complexes which are two by two in 
involution. 

* These are known as Klein’s coérdinates. Most of the ideas in the present sec- 


tion are to be found in F. Klein, Zur Theorie der Liniencomplexe des ersten und 
zweiten Grades, Mathematische Annalen, Vol. II (1870), p. 198. 
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EXERCISES 


1. If a pencil of complexes contains two special complexes, the basal con- 
gruence of the pencil is hyperbolic or elliptic, according as the special com- 
plexes are proper or improper. 

2. If a pencil of linear complexes contains only a single special complex, 
the basal congruence is parabolic. 

3. If all the complexes of a pencil of linear complexes are special, the 
basal congruence is degenerate. 

4. Define a pencil of complexes as the system of all complexes having a 
common congruence of lines and derive its properties synthetically. 

5. The polars of a line with regard to the complexes of a pencil form 
a regulus. 

6. The null points of two planes with regard to the complexes of a pencil 
generate two projective pencils of points. 

7. If C=0, C’=0, C”=0 are the equations of three linear complexes 
which do not have a congruence in common, the equation C + AC’ + pC” =0 
is said to represent a bundle of complexes. The lines common to the three 
fundamental complexes C, C’, C” of the bundle form a regulus, the con- 
jugate regulus of which consists of all the directrices of the special com- 
plexes of the bundle. 

8. Two linear complexes Xa;,p;;= 0 and 3b;;p,;; = 0 are in involution if and 
only if we have 


Ay gbgg + Ayghgg + Ay qbog + Agqhyo + Ayob13 + Agg0)4 = 0. 


9. Using Klein’s codrdinates, any two complexes are given by a,x; = 0 
and 3b,2; = 0. These two are in involution if a,b; = 0. 

10. The six fundamental complexes of a system of Klein’s codrdinates 
intersect in pairs in fifteen linear congruences all of whose directrices are dis- 
tinct. The directrices of one of these congruences are lines of the remaining 
four fundamental complexes, and meet, therefore, the twelve directrices of 
the six congruences determined by these four complexes. 
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The numbers refer to pages 


Abelian group, 67 

Abscissa, 170 

Abstract science, 2 

Addition, of points, 142, 231; theorems 
on, 142-144 ; other definitions of, 167, 
Exs. 3, 4 

Adjacent sides or vertices of simple 
n-line, 37 

Algebraic curve, 259 

Algebraic problem, 238 

Algebraic surface, 259 

Alignment, assumptions of, 16 ; consist- 
ency of assumptions of, 17; theorems 
of, for the plane, 17-20; theorems of, 
for 3-space, 20-24; theorems of, for 
4-space, 25, Ex. 4; theorems of, for 
n-space, 29-33 

Amodeo, F., 120, 294 

Anharmonic ratio, 159 

Apollonius, 286 

Associative law, for correspondences, 
66; for addition of points, 143; for 
multiplication of points, 146 

Assumption, Ho, 45; Ho, rdle of, 81, 
261; of projectivity, 95; of projec- 
tivity, alternative forms of, 105, 106, 
Exs. 10-12; 298 

Assumptions, are necessary, 2; exam- 
ples of, for a mathematical science, 
2; consistency of, 3; independence 
of, 6; categoricalness of, 6; of align- 
ment, 16; of alignment, consistency 
of, 17; of extension, 18, 24; of clo- 
sure, 24; for an n-space, 33 

Axial pencil, 55 

Axial perspectivity, 57 

Axis, of perspectivity, 36; of pencil, 
55; of perspective collineation, 72; of 
homology, 104; of codrdinates, 169, 
191; of projectivity on conic, 218 


Base, of plane of points or lines, 55; of 
pencil of complexes, 332 
Bilinear equation, binary, represents 
* _-projectivity on a line, 156; ternary, 
represents correlation in a plane, 267 
Binary form, 251, 252, 254 
Bécher, M., 156, 272, 289, 330 
Braikenridge, 119 
Brianchon point, 111 
Brianchon’s theorem, 111 
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Bundle, of planes or lines, 27, 55; of 
conics, 297, Exs. 9-12; of quadrics, 
311; of complexes, 334, Ex. 7 

Burnside, W., 150 

Bussey, W. H., 202 


Canonical forms, of collineations in 
plane, 274-276; of correlations in a 
plane, 281; of pencils of conics, 287- 
298 

Castelnuovo, G., 189, 140, 237, 297 

Categorical set of assumptions, 6 

Cayley, A., 52, 140 

Center, of perspectivity, 36; of flat pen- 
cil, 55; of bundle, 55; of perspective 
collineation in plane, 72; of perspec- 
tive collineation in space, 75; of 
homology, 104; of codrdinates, 170; 
of projectivity on conic, 218 

Central perspectivity, 57 

Characteristic constant of parabolic 
projectivity, 207 

Characteristic equation of matrix, 165 

Characteristic throw and cross ratio, of 
one-dimensional projectivity, 205, 211, 
Exs, 2, 3,4; 212, Exs. 5, 7; of involu- 
tion, 206; of parabolic projectivity, 
206 

Chasles, 125 

Class, notion of, 2; elements of, 2; re- 
lation of belonging to a, 2; subclass of 
a, 2; undefined, 15; notation for, 57 

Clebsch, A., 289 

Cogredient n-line, 84, Ex. 13 

Cogredient triangle, 84, Exs. 7, 10 

Collineation, defined, 71 ; perspective, in 
plane, 72; perspective, in space, 75; 
transforming a quadrangle into a 
quadrangle, 74; transforming a five- 
point into a five-point, 77 ; transform- 
ing a conic into a conic, 132; in plane, 
analytic form of, 189, 190, 268; be- 
tween two planes, analytic form of, 
190; in space, analytic form of, 200; 
leaving conic invariant, 214, 220, 235, 
Ex. 2; is the product of two polar- 
ities, 265; which is the product of 
two reflections, 282, Ex. 5; double ele- 
ments of, in plane, 271; character- 
istic equation of, 272 ; invariant figure 
of, is self-dual, 272 
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Collineations, types of, in plane, 106, 
273; associated with two conics of 
a pencil, 131, Exs. 2, 4, 6; 136, 
Ex, 2; 136, Ex. 2; group of, in plane, 
268; represented by matrices, 268- 
270; two, not in general commuta- 
tive, 268; canonical forms of, 274- 
276 

Commutative correspondence, 66 

Commutative group, 67, 70, Ex. 1; 228 

Commutative law of multiplication, 
148 

Commutative projectivities, 70, 210, 228 

Compass, constructions with, 246 

Complete n-line, in plane, 37; on point, 38 

Complete n-plane, in space, 37; on point, 
38 


Complete n-point, in space, 36; in plane, 


Complete quadrangle and quadrilat- | 


eral, 44 

Complex, linear, 312; determined by 
skew pentagon, 319 ; general and spe- 
cial, 320; determined by two projec- 
tive flat pencils, 823; determined by 
five independent lines, 324; deter- 
mined by correspondence between 
points and planes of space, 824; null 
system of, 324; generated by involu- 
tion on regulus, 826, Ex. 5; equation 
of, 329, 331 

Complexes, pencil of, 332; in involu- 
tion, 333; bundle of, 334, Ex. 7 

Concrete representation or application 
of an abstract science, 2 

Concurrent, 16 

Cone, 118; of lines, 109; of planes, 109 ; 
section of, by plane, is conic, 109; 
as degenerate case of quadric, 308 

Configuration, 88; symbol of, 38; of 
Desargues, 40, 51; quadrangle-quad- 
rilateral, 44; of Pappus, 98, 249; of 
Mobius, 326, Ex. 9 

Congruence, linear, 312; elliptic, hyper- 
bolic, parabolic, degenerate, 315; de- 
termined by four independent lines, 
817; determined by projective planes, 
317; determined by two ‘complexes, 
825; equation of, 829, 330 

Conic, 109, 118; theorems on, 109-140; 
polar system of, 120-124; equation 
of, 185, 245; projectivity on, 217; 
intersection of line with, 240, 242, 
246; through four points and tangent 
to line, 250, Ex. 8; through three 
points and tangent to two lines, 250, 
Ex. 9; through four points and meet- 
ing given line in two points harmonic 
with two given points, 250, Ex. 10; 
determined by conjugate points, 298, 
Ex, 2; 204, Exs. 3, 4 

Conic section, 118 


Conics, pencils and ranges of, 128-136, 
287-293 ; projective, 212, 304 

Conjugate groups, 209 

Conjugate pair of involution, 102 

Conjugate points (lines), with regard to 
conic, 122; on line (point), form invo- 
lution, 124; with regard to a pencil of 
conics, 1386, Ex. 3; 140, Ex. 31; 293, 
Ex. 1 

Conjugate projectivities, 208; condi- 
tions for, 208, 209 

Conjugate subgroups, 211 

Consistency, of a set of assumptions, 3 ; 
of notion of elements at infinity, 9; 
of assumptions of alignment, 17 

Construct, 45 

Constructions, linear (first degree), 236 ; 
of second degree, 245, 249-250, 
Exs.; of third and fourth degrees, 
294-296 

Contact, point of, of line of line conie, 
112; of second order between two 
conics, 184; of third order between 
two conics, 136 

Conwell, G. M., 204 

Coérdinates, nonhomogeneous, of points 
on line, 152; homogeneous, of points 
on line, 163; nonhomogeneous, of 
points in plane, 169; nonhomogene- 
ous, of lines in plane, 170; homogene- 
ous, of points and lines in plane, 174; 
in a bundle, 179, Ex. 3; of quadran- 
gle-quadrilateral configuration, 181, 
Ex. 2; nonhomogeneous, in space, 
190; homogeneous, in space, 194; 
Pliicker’s line, 327; Klein’s line, 333 

Coplanar, 24 

Copunctal, 16 

Correlation, between two-dimensional 
forms, 262, 263; induced, 262; be- 
tween two-dimensional forms deter- 
mined by four pairs of homologous 
elements, 264; which interchanges 
vertices and sides of triangle is polar- 
ity, 264; between two planes, analytic 
representation of, 266, 267; repre- 
sented by ternary bilinear form, 267; 
represented by matrices, 270; double 
pairs of a, 278-281 

Correlations and duality, 268 

Correspondence, as a logical term, 5; 
perspective, 12; (1, 1) of two figures, 
35; general theory of, 64-66; iden- 
tical, 65; inverse of, 65; period of, 
66 ; periodic or cyclic, 66; involutoric 
or reflexive, 66; perspective between 
two planes, 71; quadratic, 189, Exs. 
22, 24; 298, Ex. 1 

Corre$pondences, resultant or product 
of two, 65; associative law for, 66; 
commutative, 66 ; groups of, 67; leav- 
ing a figure invariant form a group, 68 


INDEX 


Corresponding elements, 85; doubly, 
102 

Covariant, 257; example of, 258 

Cremona, L., 137, 138 

Cross ratio, 159; of harmonic set, 159, 
161 ; definition of, 160; expression for, 
160; in homogeneous codérdinates, 
165; theorems on, 167, 168, Exs.; 
characteristic, of projectivity, 205; 
characteristic, of involution, 206; as 
an invariant of two quadratic binary 
ee 254, Ex. 1; of four complexes, 

32 

Cross ratios, the six, defined by four ele- 
ments, 161 

Curve, of third order, 217, Exs. 7, 8, 9; 
algebraic, 259 

Cyclic correspondence, 66 


Darboux, G., 95 

Degenerate conics, 126 

Degenerate regulus, 311 

Degree of geometric problem, 236 

Derivative, 255 

Desargues, configuration of, 40, 51; the- 
orem on perspective triangles, 41, 
180; theorem on conics, 127, 128 

Descartes, R., 285 

Diagonal point (line), of complete quad- 
rangle (quadrilateral), 44; of com- 
plete n-point (n-line) in plane, 44 

Diagonal triangle of quadrangle (quad- 
rilateral), 44 

Dickson, L. E., 66 

Difference of two points, 148 

Differential operators, 256 

Dimensions, space of three, 20; space of 
n, 80; assumptions for space of n, 83; 
space of five, 331 

Directrices, of a regulus, 299; of a con- 
gruence, 815; of a special complex, 
324 

Distributive law for multiplication with 
respect to addition, 147 

Division of points, 149 

Domain of rationality, 238 

Double element (point, line, plane) of 
correspondence, 68 

Double pairs of a correlation, 97 

Double points, of a projectivity on a 
line satisfy a quadratic equation, 156 ; 
of projectivity on a line, homogeneous 
cobrdinates of, 164; of projectivity 
always exist in extended space, 242; 
of projectivity on a line, construction 
of, 246; of involution determined by 
covariant, 258; and lines of collinea- 
tion in plane, 271, 295 

Double ratio, 159 

Doubly parabolic point, 274 

Duality, in three-space, 28; in plane, 
29; at a point, 29; in four-space, 29, 
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Ex.; a consequence of existence of 
correlations, 268 

Edge of n-point or n-plane, 36, 37 

Elation, in plane, 72; in space, 75 

Element, undefined, 1; of a figure, 1; 
fundamental, 1; ideal, 7; simple, of 
space, 84; invariant, or double, or 
fixed, 68; lineal, 107 

Eleven-point, plane section of, 538, Ex. 15 

Enriques, F., 56, 286 

Equation, of line (point), 174; of conic, 
185, 245; of plane (point), 193, 198; 
reducible, irreducible, 239; quadratic, 
has roots in extended space, 242 

Equivalent number systems, 150 

Extended space, 242, 255 

Extension, assumptions of, 18, 24 


Face of n-point or n-plane, 36, 37 

Fermat, P., 285 

Field, 149; points on a line form a, 151; 
finite, modular, 201; extended, in 
which any polynomial is reducible, 260 

Figure, 34 ; 

Fine, H. B., 255, 260, 261, 289 

Finite spaces, 201 

Five-point, plane section of, in space, 
39; inspace may be transformed into 
any other by projective collineation, 
77; diagonal points, lines, and planes 
of, in space, 204, Exs. 16, 17, 18; 
simple, in space determines linear 
congruence, 319 

Five-points, perspective, in four-space, 
54, Ex. 25 

Fixed element of correspondence, 68 

Flat pencil, 55 

Forms, primitive geometric, of one, two, 
and three dimensions, 55; one-dimen- 
sional, of second degree, 109; linear 
binary, 251; quadratic binary, 252; 
of nth degree, 254; polar forms, 256 ; 
ternary bilinear, represents correla- 
tion in plane, 267 

Four-space, 25, Ex. 4 

Frame of reference, 174 

Fundamental] elements, 1 

Fundamental points of a scale, 141, 281 

Fundamental propositions, 1 

Fundamental theorem of projectivity, 
94-97, 213, 264 


General point, 129 

Geometry, object of, 1; starting point 
of, 1; distinction between projective 
and metric, 12; finite, 201; associated 
with a group, 259 

Gergonne, J. D., 29, 128 

Grade, geometric forms of first, second, 
third, 55 

Group, 66 ; of correspondences, 67 ; gen- 
eral projective, on line, 68, 209; 
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examples of, 69, 70; commutative, 70 ; 
general projective, in plane, 268 


Ho, assumption, 45; rdle of, 81, 261 

Harmonic conjugate, 80 

Harmonic homology, 223 

Harmonic involutions, 224 

Harmonic set, 80-82; exercises on, 83, 
84; cross ratio of, 159 

Harmonic transformations, 230 

Harmonically related, 84 

Hesse, 125 

Hessenberg, G., 141 

Hexagon, simple, inscribed in two inter- 
secting lines, 99; simple, inscribed in 
three concurrent lines, 250, Ex. 5; 
simple, inscribed in conic, 110, 111 

Hexagram, of Pascal (hexagramma mys- 
ticum), 188, Exs. 19-21; 304, Ex. 16 

Hilbert, D., 8, 95, 148 

Holgate, T. F., 119, 125, 139 

Homogeneous codrdinates 
174 

Homogeneous coérdinates, in space, 11, 
194; on line, 163; geometrical signifi- 
cance of, 165 

Homogeneous forms, 254 

Homologous elements, 35 

Homology, in plane, 72; in space, 75; 
axis and center of, 104; harmonic, 
223, 275; canonical form of, in plane, 
274, 275 

Hyperosculate, applied to two conics, 136 


in plane, 


Ideal elements, 7 

Ideal points, 8 

Identical correspondence, 65 

Identical matrix, 157, 269 

Identity (correspondence), 65; element 
of group, 67 

Improper elements, 239, 241, 242, 255 

Improper transformation, 242 

Improperly projective, 97 

Independence, of assumptions, 6; neces- 
sary for distinction between assump- 
tion and theorem, 7 

Index, of subgroup, 271; of group of col- 
lineations in general projective group 
in plane, 271 

Induced correlation in planar field, 262 

Infinity, points, lines, and planes at, 8 

Inscribed and circumscribed triangles, 
98, 250, Ex. 4 

Inscribed figure, in a conic, 118 

Invariant, of two linear binary forms, 
252; of quadratic binary forms, 252- 
254, Ex. 1; of binary form of nth 
degree, 257 

Invariant element, 68 

Inyariant figure, under a correspond- 
ence, 67; of collineation is self-dual, 
272 


INDEX 


Invariant subgroup, 211 

Invariant triangle of collineation, rela- 
tion between projectivities on, 274, 
276, Ex. 5 

Inverse, of a correspondence, 65; of 
element in group, 67; of projectivity 
is a projectivity, 68; of projectivity, 
analytic expression for, 157 

Inverse operations (subtraction, divi- 
sion), 148, 149 

Involution, 102; theorems on, 102, 103, 
124, 127-131, 133, 134, 136, 206, 209, 
221-229, 242-243 ; analytic expression 
for, 157, 222, 254, Ex. 2; character- 
istic cross ratio of, 206; on conic, 222— 
230; belonging to a projectivity, 226 ; 
double points of, in extended space, 
242; condition for, 254, Ex. 2; dou- 
ble points of, determined by covari- 
ant, 258; complexes in, 333 

Involutions, any projectivity is product 
of two, 223; harmonic, 224; pencil 
of, 225; two, have pair in common, 
248; two, on distinct lines are per- 
spective, 243 

Involutorie correspondence, 66 

Irreducible equation, 239 

Isomorphism, 6; between number sys- 
tems, 150; simple, 220 


Jackson, D., 282 
Join, 16 


Kantor, S., 250 
Klein, F., 95, 333, 334 


Ladd, C., 138 

Lage, Geometrie der, 14 

Lennes, N. J., 24 

Lindemann, F., 289 

Line, at infinity, 8; as undefined class 
of points, 15; and plane on the same 
three-space intersect, 22; equation of, 
174; and conic, intersection of, 240, 
246 

Line conic, 109 

Line coérdinates, in plane, 171; in space, 
327, 333 

Lineal element, 107 

Linear binary forms, 251; invariant of, 
251 

Linear dependence, of points, 80; of 
lines, 311 

Linear fractional transformation, 152 

Linear net, 84 

Linear operations, 236 

Linear transformations, in plane, 187; 
in space, 199 

Lines, two, in same plane intersect, 
18 

Liiroth, J., 95 
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Maclaurin, C., 119 

MacNeish, H. F., 46 

Mathematical science, 2 

Matrices, product of, 156, 268; determi- 
nant of product of two, 269 

Matrix, as symbol for configuration, 88 ; 
definition, 156; used to denote pro- 
jectivity, 156; identical, 157, 269; 
characteristic equation of, 165, 272; 
conjugate, transposed, adjoint, 269; 
as operator, 270 

Menechmus, 126 

Metric geometry, 12 

Midpoint of pair of points, 230, Ex. 6 

Mobius tetrahedra, 105, Ex. 6; 326, 
Ex. 9 

Multiplication of points, 145, 2381; the- 
orems on, 145-148; commutative law 
of, is equivalent to Assumption P, 
148; other definitions of, 167, Exs. 
3, 4 


n-line, complete or simple, 37, 38; in- 
scribed in conic, 188, Ex. 12 

n-plane, complete in space, 37 ; on point, 
38; simple in space, 37 

n-point, complete, in space, 36 ; complete, 
in a plane, 37; simple, in space, 37; 
simple, in a plane, 37; plane section of, 
in space, 58, Exs. 13,16; 54, Ex. 18; 
m-space section of, in (n + 1)-space, 
54, Ex. 19; section by three-space of, 
in four-space, 54, Ex. 21; inscribed 
in conic, 119, Ex. 5; 250, Ex. 7 

n-points, in different planes and per- 
spective from a point, 42, Ex. 2; in 
same plane and perspective from a 
line, 42, Ex. 4; two complete, in a 
plane, 53, Ex. 7; two perspective, in 
(n —1)-space, theorem on, 54, Ex. 
26; mutually inscribed and circum- 
scribed, 250, Ex. 6 

Net of rationality, on line (linear net), 
84; theorems on, 85; in plane, 86; 
theorems on, 87, 88, Exs. 92, 93; in 
space, 89 ; theorems on, 89-92, Exs. 92, 
93; in plane (space) left invariant by 
perspective collineation, 93, Exs. 9, 
10; in space is properly projective, 
97; codrdinates in, 162 

Newson, H. B., 274 

Nonhomogeneous cooérdinates, on a line, 
152; in plane, 169; in space, 190 

Null system, 324 

Number system, 149 


On, 7, 8, 15 

Operation, one-valued, commutative, as- 
sociative, 141; geometric, 236; linear, 
236 

Operator, differential, 256; represented 
by matrix, 270; polar, 284 
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Opposite sides of complete quadrangle, 
44 

Opposite vertex and side of simple 
n-point, 37 

Opposite vertices, of complete quadrilat- 
eral, 44; of simple n-point, 37 

Oppositely placed quadrangles, 50 

Order, 60 

Ordinate, 170 

Origin of codrdinates, 169 

Osculate, applied to two conics, 1384 


Padoa, A., 3 

Papperitz, E., 309 

Pappus, configuration of, 98, 99, 100, 
126, 148 

Parabolic congruence, 315 

Parabolic point of collineation in plane, 
274 

Parabolic projectivities, any two, are 
conjugate, 209. 

Parabolic projectivity, 101; charac- 
teristic cross ratio of, 206; analytic 
expression for, 207 ; characteristic con- 
stants, 207; gives H( MA’, AA”), 207 

Parametric representation, of points 
(lines) of pencil, 182; of conic, 234; of 
regulus, congruence, complex, 330, 331 

Jeevel, 1834, Sia, Gi), ailalaihiG}, ie} lbs}. 
127, 138, 139 

Pencil, of points, planes, lines, 55; of 
conics, 129-186, 287-293; of points 
(lines), codrdinates of, 181; paramet- 
ric representation of, 182; base points 
of, 182; of involutions, 225; of com- 
plexes, 382 

Period of correspondence, 66 

Perspective collineation, in plane, 71; 
in space, 75; in plane defined when 
center, axis, and one pair of homol- 
ogous points are given, 72; leaving R? 
(BR) invariant, 93, Exs. 9, 10 

Perspective conic and pencil of lines 
(points), 215 

Perspective correspondence, 12, 13; be- 
tween two planes, 71, 277, Ex. 20 

Perspective figures, from a point or 
from a plane, 35; from a line, 36; if 
A, B,C and A’, B’, C’ on two coplanar 
lines are perspective, the points (A B’, 
BA’), (AO’, CA’), and (BC’, CB’) are 
collinear, 52, Ex. 3 

Perspective geometric forms, 56 

Perspective n-lines, theorems on, 84, 
Exs. 13, 14; five-points in four-space, 
54, Ex. 25 

Perspective (n+ 1)-points in n-space, 
54, Exs. 20, 26 

Perspective tetrahedra, 43 

Perspective triangles, theorems on, 41, 
boy ixs. OF LOM le b4 ex. 23584, 
Exs, 7, 10, 11; 246; sextuply, 246 
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Perspectivity, center of, plane of, axis 
of, 86; notation for, BT; central and 
axial, ‘67; between conic and pencil 
of lines (points), 215 

Pieri, M., 95 

Planar field, 55 

Planar net, 86 

Plane, at infinity, 8; defined, 17; deter- 
mined uniquely by three noncollinear 
points, or a point and line, or two in- 
tersecting lines, 20; and line on same 
three-space are on common point, 
22; of perspectivity, 36, 75; of points, 
55; of lines, 55; equation of, 193, 
198 

Plane figure, 34 

Plane section, 34 

Planes, two, on two points A, B are on 
all points of line AB, 20; two, on 
same three-space are on a common 
line, and conversely, 22; three, on a 
three-space and not on a common 
line are on a common point, 23 

Pliicker’s line codrdinates, 327 

Point, at infinity, 8; as undefined ele- 
ment, 15; and line determine plane, 
17, 20; equation of, 174, 193, 198; of 
contact of a line with a conic, 112 

Point conic, 109 

Point figure, 34 

Points, three, determine plane, 17, 20 

Polar, with respect to triangle, 46; 
equation of, 181, Ex. 38; with respect 
to two lines, 52, Exs. 3,5; 84, Exs. 7, 
9; with respect to triangle, theorems 
on, 54, Ex. 22; 84, Exs. 10, 11; with 
respect to n-line, 84, Exs. 13, 14; with 
respect to conic, 120-125, 284, 285 

Polar forms, 256 ; with respect to set of 
n-points, 256; with respect to regu- 
lus, 802; with respect to linear com- 
plex, 324 

Polar reciprocal figures, 123 

Polarity, in planar field, 263, 279, 282, 
283; in space, 802; null, 324 

Pole, with respect to triangle, 46; with 
respect to two lines, 52, Ex. 3; with 
respect to conic, 120; with respect to 
regulus, 302; with respect to null 
system, 324 

Poncelet, J. V., 29, 36, 58, 119, 123 

Problem, degree of, 236, 238; algebraic, 
transcendental, 238; of second de- 
gree, 245; of projectivity, 250, Ex. 14 

Product, of two correspondences, 65; 
of points, 145, 231 

Project, a figure from a point, 86; an 
element into, 58; ABC can be pro- 
jected into A’B’C’, 59 

Projection, of a figure from a point, 34 

Projective collineation, 71 

Projective conics, 212, 304 


INDEX 


Projective correspondence or transfor- 
mation, 18, 58 ; general group on line, 
68; in plane, 268 ; of two- or three- 
dimensional forms, 71, 152 

Projective geometry distinguished from 
metric, 12 

Projective pencils of points on_skew 
lines are axially perspective, 

Projective projectivities, 208 

Projective space, 97 

Projectivity, definition and notation for, 
58; ABC A’BC’, 59; ABCD=— 
BADC, 60; in one-dimensional forms 
is the result of two perspectivities, 63 ; 
if H(12, 34), then 12347-1243, 82; 
fundamental theorem of, for linear 
net, 94; fundamental theorem of, for 
line, 95; assumption of, 95; funda- 
mental theorem of, for plane, 96; for 
space, 97; principle of, 97; necessary 
and sufficient condition for MNAB— 
MNA’B’ is Q(MAB, NB’A’), 100; 
necessary and sufficient condition 
for MMAB+~MMA’B’ is Q(MAB, 
MB’A’), 101; parabolic, 101; ABCD 
x ABDC implies H (AB, CD), 103; 
nonhomogeneous analytic expression 
for, 154-157, 206; homogeneous ana- 
lytic expression for, 164; analytic 
expression for, between points of dif- 
ferent lines, 167 ; analytic expr 

ec 


for, between pencils in plane, > 
between two conics, 212-21 


conic, 217-221; axis (center) of, on 
conic, 218; involution belonging to, 
226; ‘problem of, 250, Ex. 14. : 
Projectivities, commutative, example of, 


70; on sides of invariant imlangici: of | 


collineation, 274, 276, Ex. 5 
Projector, 35 
Properly projective, 97; spatial net is, 97 


Quadrangle, complete, 44; quadrangle- 
quadrilateral configuration, 46 ; sim- 
ple, theorem on, 52, Ex. 6; complete, 
and quadrilateral, theorem on, 53, 
Ex. 8; any complete, may be trans- 
formed into any other by projective 
collineation, 74; opposite sides of, 
meet line in pairs of an involution, 
103; conics through vertices of, meet 
line in pairs of an involution, 127; 
inscribed in conic, 187, Ex. 11 

Quadrangles, if two, correspond so that 
five pairs of homologous sides meet 
on a line J, the sixth pair meets on 
L473 perspective, theorem on, 58, 
Bx, 12; if two, have same diagonal 
triangle, their eight vertices are on 
conic, 137, Ex. 4 

Quadrangular set, 49, 79; of lines, 79; of 
planes, 79 


\ 


INDEX 


Quadrangular section by transversal of 
quadrangular set of lines is a quad- 
rangular set of points, 79; of elements 
projective with quadrangular set is 
a quadrangular set, 80; Q(MAB, 
NB’A’)is the condition for MNAB= 
MNA’B’, 100; Q( MAB, MB’A’) is the 
condition for MMA B>MMA’B’, 101; 
Q(ABC, A’B’C’) implies Q(A’B’C’, 
ABC), 101; Q(ABC, A’B’C’) is the 
condition that A A’, BB’, CC’ are in in- 
volution, 103; Q(P.. PxPo, Px PyPx+y) 
is necessary and sufficient for P; + P, 
= Pr+y, 142; Q(PaPxPi, PoPyPry) 
is necessary and sutticient for P,. Py, 
Sars L405 

Quadrangularly related, 86 

Quadratic binary form, 252; invariant 
of, 252 

Quadratic correspondence, 
22, 24 

Quadric spread in S;, 331 

Quadric surface, 301; degenerate, 308; 
determined by nine points, 311 

Quadrilateral, complete, 44; if two quad- 
rilaterals correspond so that five of the 
lines joining pairs of homologous ver- 
tices pass through a point P, the line 
joining the sixth pair of vertices will 
also pass through P, 49 

Quantic, 254 

Quaternary forms, 258 

Quotient of points, 149 


139, Exs. 


Range, of points, 55; of conics, 128-136 

Ratio, of points, 149 

Rational operations, 149 

Rational space, 98 

Rationality, net of, on line, 84, 85; planar 
net of, 86-88; spatial net of, 89-93; 
domain of, 238 

Rationally related, 86, 89 

Reducible equation, 239 

Reflection, point-line, projective, 223 

Reflexive correspondence, 66 

Regulus, determined by three lines, 298 ; 
directrices of, 299; generators or 
rulers of, 299; conjugate, 299; gen- 
erated by projective ranges or axial 
pencils, 299; generated by projective 
conics, 804, 807; polar system of, 300 ; 
picture of, 800; degenerate cases, 311 ; 
of a congruence, 318 

Related figures, 35 

Resultant, of two correspondences, 65; 
equal, 65; of two projectivities is a 
projectivity, 68 

Reye, T., 125, 1389 

Rohn, K., 309 


Salmon, G., 138 
Sannia, A., 304 
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Scale, defined by three points, 141, 231; 
on a conic, 231 

Schroter, H., 138, 281 

Schur, F., 95 

Science, abstract mathematical, 2; con- 
crete application or representation of, 2 

Scott, C, A., 208 

Section, of figure by plane, 34; of plane 
figure by line, 35; conic section, 109 

Segre, C., 230 

Self-conjugate subgroup, 211 

Self-conjugate triangle with respect to 
conic, 123 

Self-polar triangle with respect to conic, 
128 

Set, synonymous with class, 2; quadran- 
gular, 49, 79; of elements projective 
with quadrangular set is quadrangu- 
lar, 80; harmonic, 80; theorems on 
harmonic sets, 81 

Seven-point, plane section of, 53, Ex. 14 

Seydewitz, F., 281 

Sheaf of planes, 55 

Side, of n-point, 37; false, of complete 
quadrangle, 44 

Similarly placed quadrangles, 50 

Simple element of space, 39 

Simple n-point, n-line, n-plane, 37 

Singly parabolic point, 274 

Singular point and line in nonhomoge- 
neous codrdinates, 171 

Six-point, plane section of, 54, Ex. 17; 
in four-space section by three-space, 
54, Ex. 24 

Skew lines, 24; projective pencils on, 
are perspective, 105, Ex. 2; four, are 
met by two lines, 250, Ex. 13 

Space, analytic projective, 11; of three 
dimensions, 20; theorem of duality 
for, of three dimensions, 28; n-, 30; 
assumption for, of n dimensions, 33; 
as equivalent of three-space, 34; 
properly or improperly projective, 
97; rational, 98; finite, 201, 202; 
extended, 242 

Spatial net, 89; theorems on, 89-92; 
is properly projective, 97 

von Staudt, K. G. C., 14, 95, 125, 141, 
151, 158, 160, 286 

Steiner, J., 109, 111, 125, 188, 189, 285, 
286 

Steiner point and line, 138, Ex. 19 

Steinitz, E., 261 

Sturm, Ch., 129 

Sturm, R., 231, 250, 287 

Subclass, 2 

Subgroup, 68 

Subtraction of points, 148 

Sum of two points, 141, 231 

Surface, algebraic, 259; quadric, 801 

Sylvester, J. J., 823 

System affected by a correspondence, 65 
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Tangent, to conic, 112 

Tangents to a point conic form a line 
conic, 116; analytic proof, 187 

Taylor’s theorem, 255 

Ternary forms, 258; bilinear, repre- 
sent correlation in a plane, 267 

Tetrahedra, perspective, 43, 44 ; config- 
uration of perspective, as section of 
six-point in four-space, 54, Ex. 24; 
Mobius, 105, Ex. 6; 326, Ex. 9 

Tetrahedron, 37; four planes joining 
line to vertices of, projective with 
four points of intersection of line 
with faces, 71, Ex. 5 

Three-space, 20; determined uniquely 
by four points, by a plane and a point, 
by two nonintersecting lines, 23 ; the- 
orem of duality for, 28 

Throw, definition of, 60; algebra of, 141, 
157; characteristic, of projectivity, 
205 

Throws, two, sum and product of, 158 

Trace, 35 

Transform, of one projectivity by an- 
other, 208; of a group, 209 

Transform, to, 58 

Transformation, perspective, 13; pro- 
jective, 13; of one-dimensional forms, 
58; of two- and three-dimensional 
forms, 71 

Transitive group, 70, 212, Ex. 6 

Triangle, 37; diagonal, of quadrangle 
(quadrilateral), 44; whose sides pass 
through three given collinear points 
and whose vertices are on three given 
lines, 102, Ex. 2; of reference of 
system of homogeneous codrdinates 


INDEX 


in plane, 174; invariant, of collinea- 
tion, relation between projectivities 
on sides of, 274, 276, Ex. 6 

Triangles, perspective, from point are 
perspective from line, 41; axes of 
perspectivity of three, in plane per- 
spective from same point, are con- 
current, 42, Ex. 6; perspective, theo- 
rems on, 53, Exs. 9, 10, 11; 106, Ex. 
9; 116, 247; mutually inscribed and 
circumscribed, 99; perspective, from 
two centers, 100, Exs. 1, 2, 3; from 
four centers, 105, Ex. 8; 188, Ex. 18; 
from six centers, 246-248 ; inscribed 
and circumscribed, 250, Ex. 4 

Triple, point, of lines of a quadrangle, 
49; of points of a quadrangular set, 49 

Triple, triangle, of lines of a quadran- 
gle, 49; of points of a quadrangular 
set, 49 

Triple system, 3 


Undefined elements in geometry, 1 
United position, 15 
Unproved propositions in geometry, 1 


Variable, 58, 150 

Veblen, O., 202 

Veronese, G., 52, 53 

Vertex, of n-points, 36, 37; of n-planes, 
37; of flat pencil, 55; of cone, 109; 
false, of complete quadrangle, 44 


Wiener, H., 65, 95, 230 
Zeuthen, H. G., 98 


NOTES AND CORRECTIONS 


Page 22. In the proof of Theorem 9, under the heading 2, it is assumed that A 
is not on a. But if A were on a, the theorem would be verified. 

Page 34. In the definition of projection, after ‘“‘P,” in the last line on the page, 
insert ‘‘, together with the lines and planes of F through P,’’. 

Page 34. In the definition of section, after ‘“‘7,”’ in the last line on the page, insert 
‘*together with the lines and points of F on 7,”’. 

Page 35. In the definition of section of a plane figure F by a line l, the section 
should include also all the points of F that are on l. 

Page 44, line 5 from bottom of page. The triple system referred to does not, 
of course, satisfy E,. It is not difficult, however, to build up a system of triples 
which does satisfy all the assumptions A and #. Such a finite S,; would contain 
15 “ points’? and 15 ‘‘planes’’ (of which the given triple system is one) and 35 
“lines”? (triples). See Ex. 3, p. 25, and Ex. 15, p. 203. 

Page 47, Theorem 3. Add the restriction that the line 1 must not contain a 
vertex of either quadrangle. 

Page 49. In the definition of quadrangular set, after ‘a line 1’’ insert ‘*, not 
containing a vertex of the quadrangle,”’. 

Page 52, Ex. 1. The latter part should read: “... of an edge joining two 
vertices of the five-point with the face containing the other three vertices ?” 

Page 53, Exs. 14, 15, 16. The term circumscribed may be explicitly defined as 
follows: A simple n-point is said to be circumscribed to another simple n-point 
if there is a one-to-one reciprocal correspondence between the lines of the first 
n-point and the points of the second, such that each line passes through its corre- 
sponding point. The second n-point is then said to be inscribed in the first. 

Page 53, Ex. 16. The theorem as stated is inaccurate. If m is the smallest 
exponent for which 2"”=+1, mod. n, the vertices of the plane section may be 


divided into hae simple n-points, which fall into eed cycles of m n-points 








each, such that the n-points of each cycle circumscribe each other cyclically. 
Thus, when n = 17, there are two cycles of 4 n-points, the n-points of each cycle 
circumscribing each other cyclically. 

Page 85, Theorem 9. If the quadrangular set contains one or two diagonal 
points of the determining quadrangle, these diagonal points must be among the 
five or four given points. 

Page 88, Theorem 12. To complete the proof of this theorem the perspectivity 
mentioned must be used in both directions —i.e. it also makes the points of R, or 
R, perspective with the points of R? on l. 

Page 99, Theorem 22. See note to p. 53, Exs. 14, 15, 16. 

Page 108, Theorem 29. Under Type III, the proviso should be added that the 
line PQ is not on the center of F and the point pq is not on the axis of F. 

Page 119, Ex. 6. The latter part of this exercise requires a quadratic construc- 
tion. See Chap. IX. 

Page 137, Ex. 7 (Miscellaneous Exercises). The two points must not be collinear 
with a vertex ; or, if collinear with a vertex, they must be harmonic with respect 
to the vertex and the opposite side. 

343 


544 NOTES AND CORRECTIONS 


Page 165, last paragraph. The point (—1, 1) forms an exception in the definition 
of homogeneous codrdinates subject to the condition 2, +a2,=1. An exceptional 
point (or points) will always exist if homogeneous codrdinates are subjected to a 
nonhomogeneous condition. 

Page 168, Ex. 10. The points A, B, C, D must be distinct. 

Page 182, bottom of page. We assume that the center of the pencil of lines is 
not on the axis of the pencil of points (cf. the footnote on p. 183). 

Page 186. While the second sentence of Theorem 7 is literally correct, it may 
easily be misunderstood. If the left-hand member of the equation of one of the 
lines m= 0, n=0, or p=0 be multiplied by a constant p, the value of k may 
be changed without changing the conic. In fact, by choosing p properly, k may be 
given an arbitrary value (+ 0) for any conic. 

As pointed out in the review of this book by H. Beck, Archiv der Mathematik, 
Vol. XVIII (1911), p. 85, the equation of the conic may be written as follows: 
Let (a,, 4, as) be an arbitrary point in the plane of the conic, and let 

My = M,L, + ML, + MzLz, 

Nz = YL, + NyLy + NgLz, 

Pa = PyLy + Pole + Pgs ; 
then the equation of the conic may be written 

kymMaNapz — ky, pimane = 0. 
When the equation is written in this form, there is one and only one conic for 
every value of the ratio He 


Page 301. The first sentence is not correct under our original definition of section 
by a plane. We have accordingly changed this definition (cf. note to p. 34). 

Page 801. In the sentence before Theorem 7 the tangent lines referred to are 
not lines of the quadric surface. 

Page 808, Ex. 5. The tangent line must not be a line of the surface. 

Page 303, Ex. 7. The line must not be a tangent line. 

Page 304. Theorem 11 should read: ‘“*. . . form a regulus or a cone of lines, pro- 
vided ...”’. In case the collineation between the planes of the conics leaves every 
point of J invariant, the lines joining corresponding points of the two conics form 
a cone of lines. In this case A = A and B= B, and the lines a and b intersect. 

Page 306, line 7. After ‘‘sections,’’ insert ‘*, unless a and b intersect, in which 
case they generate a cone of lines’’ (cf. note to p. 304). 

Page 308, proof of Corollary 2. Let A? be the projection on @ of B? from the 
point M. A? might have double contact with A? at R and R’, or might have con- 
tact of the second order at R or R’. However, if C? is not degenerate, it is possible 
to choose M for which neither of these happens. For if all conics obtained from 
[MM] had either of the above properties, they would form a pencil of conics of 
which A? is one. There would then exist a point M for which A? and A? would 
coincide. OC? would in this case have to contain three collinear points and would 
then be degenerate. 

Page 310, paragraph beginning ‘Now if nine points...’’, It is obvious that 
no line of intersection of two of the planes a, 8, y will contain one of the nine 
points, no matter how the notation is assigned. 

Page 315, line 12 from bottom of page. Neither 7, nor 7, must contain a directrix. 

Page 319, Ex, 2. If the two involutions have double points, the points on the 
lines joining the double points are to be excepted in the second sentence. 





NOTES AND CORRECTIONS 345 


Pages 320, 321. In the proof of Theorem 20 the possibility that three of the 
vertices of the simple pentagon may be collinear is overlooked. Therefore the 
third sentence of the last paragraph of page 320 and the third sentence of 
page 321 are incorrect. It is not hard to restate the proof correctly, as all the 
facts needed are given in the text, but this restatement requires several verbal 
changes and is therefore left as an exercise to the reader. 
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